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  In our daily life we frequently encounter with many photo-induced reactions, such as 
photosynthesis, photocatalytic reaction, etc. Photodissociation is one of the fundamental 
reactions triggered by photon absorption by molecules. This reaction is also known as an 
important reaction for human life because, for example, smog and ozone depletion are both 
known as serious environmental issues and are both caused by photoreaction. For smog, 
especially photochemical smog, production process start from photodissociation of nitrogen 
oxides (NOx) or volatile organic compounds (VOCs). The first step of the chain reaction in 
ozone depletion (e.g. production of radicals, especially chlorine radicals), starts from 
photodissociation of chlorofluorocarbons (CFCs) or alkyl halides. 
  There are roughly two types of dissociation processes, direct dissociation and 
predissociation. As shown in figure 1.1, the photodissociation process starts from excitation 
caused by the absorption of photo energy. After the excitation, the molecular with dissociate 
along the potential surface. On behalf of the progress of quantum chemical calculation to 
obtain the potential energy curves or surfaces (PECs or PESs), it is available to determine the 
excited states and reveal the dissociation processes. 
For photodissociation studies, several information could be obtained such as excited state 
structures and molecular reaction dynamics. Especially, the molecular reaction dynamics 
information provides “how” the reaction will be carried on. In order to obtain the reaction 
dynamics information from the experiments, following three important factors are needed to 
be measured: “energy”, “direction”, and “time”. There are various kinds of method to observe 
these factors, for example, multiphoton laser spectroscopy, particle imaging, time-of-flight 
(TOF) mass spectrometry, ultrafast time-resolved measurements, and so on. In the next section, 
background of particle imaging method will be described. 
 
1.2 Charged particle imaging 
  In the former section, it was noted that, three factors, “energy”, “direction”, and “time” are 
necessary to reveal the molecular reaction dynamics. These factors, especially the particle’s 
speed (corresponds to energy) and the angular distribution (corresponds to direction) were 
desired to be measured simultaneously for a long time. 
From the beginning of molecular reaction dynamics studies on 1950’s for the bimolecular 
reactions, angular distribution of product was measured by crossed beam experiments (Nobel 
Prize in Chemistry was awarded in 1986) by moving the detector. From this experiment, 
measuring both velocity and angular distributions was available; however it was not a 
simultaneous measurement. In 1987, Chandler and Houston reported a completely new and 
remarkable method for molecular dynamics of photodissociation reactions [1,2]. Due to the 
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progress of digital processing technology using charge-coupled devices (CCD) camera or 
complementary metal organic semiconductor (CMOS) camera devices as image sensors, 
time-resolved measurement was made possible for the exact location of the particle’s arrival 
point, which was a great breakthrough in the molecular dynamics field. The schematic view of 
typical imaging apparatus is shown in figure 1.2. The apparatus was based on TOF mass 
spectrometer and micro-channel plate detector attached with phosphor screen, in order the 
light up the ion’s arrival point, and was set at the end of the apparatus [3]. The emitted light 
from the detector was captured by a CCD camera to save the ions’ arrival point coordinates. 
Both velocity and angular distributions were obtained by analyzing the observed image as 
shown in figure 1.3 [3]. 
After the above development of the particle imaging method, this method was adopted to 
many dynamics experiments. First example was the one already shown in figure 1.2 and 1.3, 
i.e., photodissociation and ionization of neutral molecules using REMPI technique. This 
method was also adapted to crossed beam experiments for bimolecular reactions, 
photoelectron spectroscopy of neutrals and negative ions, and so on. In addition to these 
varieties of applications, another new technique, velocity map imaging (VMI), was also 
developed in order to improve the velocity resolution of the image (see figure 1.4) [4]. This 
technique resolved the weak point of low resolution in the imaging method and helped to 
extend this method for more kinds of particle-measurement experiments. In 2005, Suite and 
co-workers succeeded to add a reflectron into the imaging apparatus [5]. However, there was 
no precedent of adapting this method for ion imaging of photofragment ions produced from 
mass-selected ions. In 2015, Misaizu group and Duncan group reported an ion imaging 
apparatus for the photofragment ions with different approach [6,7]. In Misaizu group, a 
reflectron-type TOF mass spectrometer was used for mass-analysis of fragment ions and for 
image focusing, as is described in later chapters in detail. In Duncan group, the mass selected 
ions were decelerated just before the photodissociation, and the fragment ions were 
reaccelerate to fulfill mass-analyzed image focusing. These new ion imaging methods made 
possible to use any kind of ion source and the candidates of sample increased significantly. 
 
1.3 Gas phase cluster 
    A “cluster”, in the field of chemistry, is a chemical species consists of more than two to 
several hundreds of molecules or atoms. This cluster is known as a phase between bulk (solid, 
liquid, and gas phase) and isolate molecular or atom and the chemical property depends on the 
number of molecule or atom also called as “size” of cluster. From those characters, clusters are 
called as “microscopic model of condensed phase”. As shown in figure 1.5, cluster ions exist 
at the stratosphere and mesosphere, where the temperature is lower than ground level [8]. Also 
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the cluster is known to exist at interstellar space. Unlike at the ground level, at those 
environments, UV light and other cosmic ray are irradiated. Therefore understanding the 
reaction of those clusters with various kinds of light will be important. For gas phase 
experiments, cluster will not get interference from reactant gas (e.g. O2, H2O, etc.) and air 
resistance, therefore it is ideal environment for investigate the detail of the reaction. 
  Photodissociation reactions of cluster ions which contain metal ions (metal ion doped 
molecular cluster ions) have been extensively studied in the gas phase. Among such studies, 
photo-induced “metal-to-ligand” charge transfer (CT) reactions were reported for some 
systems. For example, photodissociation of Ag(benzene)
+
 has been performed by Duncan and 
co-workers [9,10]. Two different fragments, Ag
+
 + benzene and Ag + benzene
+
, were observed 
in their study. A positive charge is localized on an Ag atom in Ag(benzene)
+
 in its ground state 
before the photoexcitation, and therefore the positive charge is transferred from the Ag
+ 
ion to 
the benzene molecule after the photoexcitation in the formation of the benzene
+
 fragment ion. 
This is the first direct observation of photo-induced CT reaction in the gas phase 
metal-molecule complex ions. Photodissociation of Mg
+
XCH3 (X = F, Cl, Br, I) has been 
studied using reflectron time-of-flight (TOF) mass spectrometer for more than ten years 
[11-14]. In those experiments, important information, velocity and angular distributions were 
determined from the TOF profile. The observed TOF spectra were fitted with a velocity 
distribution function [14], which need to consider several manual parameters, T: temperature 
for Maxwell-Boltzmann approximation, vf: velocity of the fragment ion, and : anisotropy 
parameter (corresponds to angular distribution). Thus, it is difficult to determine the accurate 
velocity and angular distributions from the fitting. In the optimized structure of an Mg
+
XCH3 
ion, a methyl halide molecule is coordinated with the Mg
+
 ion from the halogen atom side. 
Photodissociation spectra of the complex ions exhibit three bands in the ultraviolet region, 
which originate from the 
2
P ← 2S transition of the Mg+ ion. Several fragmentation pathways 
from Mg
+
XCH3 were observed depending on the excitation bands and also on the kind of the 
halogen atom. For example, in the photodissociation of Mg
+
BrCH3, production of BrCH3
+
 (CT 
+ dissociation reaction) was observed. However, with the calculated PECs, details of the 
dissociation processes were not able to explain in the previous study. Therefore dynamics 
information with higher accuracy and higher level calculations are necessary. 
 
1.4 Present study 
  In this thesis, ion imaging studies using two different apparatus are described. The first 
apparatus is an ion imaging apparatus using angular-type reflectron, which is used to the first 
approach for photofragment ion imaging from mass-selected ions. This scientific meaning is 
that the ion imaging could be applied for any kind of ion source, where only limited ionization 
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method was applied in the past. In Chapter IV, this ion imaging apparatus will firstly be 
described in detail, and after that, the photodissociation study of a simple system, Mg
+
Ar, in 
the ultraviolet (UV) region is summarized using the apparatus. Finally, the photodissociation 
study of Mg
+
XCH3 (X = F, Br, I) in UV region will be described in latter part of Chapter IV. 
Also, for those systems, higher quantum chemical calculations which support the experimental 
results were done. The developed apparatus was great challenge for photodissociation study of 
mass-selected ion; however, it was not optimized for ion imaging and was difficult to observe 
the images with high velocity resolution, which is already common in other particle imaging 
experiments. 
Secondly, in order to refine and solve the problems in the ion imaging apparatus using 
angular-type reflectron, an ion imaging apparatus with a double linear reflectron mass 
spectrometer has been developed. The detail of the development processes are described in 
Chapter III. Photodissociation study of Ca
+
Ar cluster ions at UV region was measured by this 
apparatus and the binding energy of Ca
+
Ar in the ground state and the anisotropy parameter of 
the fragment ion were determined from the measurement. These results are described in 
Chapter V. Principle of experiment and calculation is described in Chapter II. 
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Figure 1.1 Schematic view of potential energy curves (PECs). After the excitation (photo 
absorption), the molecular dissociate along the potential curve. The dissociation process 
depends on the excitation energy and shape of the potential curve. The dissociation occurred 
with single potential is called as “direct dissociation” and dissociation which occurred via 





Figure 1.2 Schematic view of imaging apparatus [3]. The apparatus is based on TOF mass 
spectrometer. The sample molecular will be introduced from the pulsed valve to dissociation 
point. At the dissociation point, molecular will be dissociated and ionized (for the detection) and 
accelerate to the detector. The arrival point of the produced particle was detected with position 
sensitive detector (e.g. phosphor screen/MCP detector). The image of the detector was observed 





Figure 1.3 Product images of D atom (be accurate, D
+
) produced from photodissociation of DI 
[3]. The “raw” ion image shown in left side of the figure was observed with apparatus shown in 
figure 1.2 by irradiating 205.2 nm light. Then the “raw” image was reconstructed to sliced 
image as shown in the middle of the figure in order to obtain the exact information of dynamics. 
The radius (distance) from the center of the image corresponds to the (recoil) velocity thus the 
image have two, inner and outer, ring there are two peaks in the velocity distribution as shown 
in the right side of the figure. Also the distribution character at concentric circle corresponds to 





Figure 1.4 Simulated ion trajectories and equipotential surfaces of the ion lens set at a short 
focal length (VE/VR = 0.75) for this illustration. Panel (a) shows the total view while (b)–(d) are 
zoomed in to show the details. (a) The laser propagates along the y direction, causing a line 
source of 3.0 mm length (c), from which three extremal points are chosen. From each point 
eight ions with 1 eV kinetic energy are ejected with 45° angle spacing (b), thus simulating a 
spherical expansion. At the focusing plane (d) ion trajectories of the same ejection angle but 
different start positions come together, where 1, 2 and 3 correspond to ejection angles 0/180° (x 
direction), 45/135° and 90° (y direction), respectively. The deburring is illustrated by the 
residual widths along the y direction of 0.60, 0.41 and 0.088 mm, respectively, all much smaller 
than the 3.0 mm input width. This technique is known as velocity map imaging (VMI). 





Figure 1.5 Summary of the composition and conditions of the atmosphere. Regions of the 
atmosphere are indicated toward the leftmost side of the figure, and are overlapped by the D-, E-, 
and F-regions of the ionosphere indicated toward the right side of the figure. Ion, electron, and 
neutral concentrations vary significantly with time of day, season, and latitude, and fluctuate in 
time; values shown are typical during daytime at mid-latitudes. Typical altitude ranges of 
satellite, rocket, and balloon-borne measurement devices are shown. Altitudes of well-known 
orbiting objects are shown for context. (Footnote: MSP stands for meteoritic smoke particle.) As 
the figure shows, cluster cations exist around at the stratosphere and mesosphere, therefore 
understanding the photoreactions at those areas is important. Reprinted with permission from 




Chapter II. Principles of experiments and calculations 
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2.1 Ion source 
  Ion source is used to introduce the ions into the vacuum chamber. As the vacuum condition 
could eliminate the influences of air resistance, reaction with reactants (H2O, O2, etc.), and so 
on, therefore it is effective to investigate the detail of sample. However, as the things around 
our life have various chemical properties, it is not easy to ionize and also need to use different 
method for each sample. One of the classic methods is electron impact (EI) ionization [1]; 
where sample will be ionized by collide with electron beam (produced by electron gun). This 
EI is used in the present study, however, in general this EI could produce both cation and 
anion, but it could only ionize the sample (mainly molecular) already introduced in the 
vacuum region (e.g. gas, molecular beam). Also, the electron beam is usually accelerated; 
therefore it could break the sample. Detail of the EI ionization source is described in Sec. 3.1.2.  
There are few more “hard” ionization methods, for example penning ionization [2,3] for gas 
phase molecular, spark ionization [4] also for gas phase molecular. However ions produced by 
those methods are known to have high internal energy which was derived by ionization 
process. In order to solve this problem, resonance enhanced multi-photon ionization (REMPI) 
method was developed. This method is also limited to gas phase molecular, but could select 
the electric state and could produce “cold” molecular. Therefore, REMPI method is widely 
used for spectroscopic experiments. 
  For solid sample (include matrix material) ionization, desorption ionizations are effective. 
Laser desorption / ionization [5] (LDI, a.k.a. laser vaporization) is desorption ionization 
method which can ionize the solid sample include metal sample. This laser vaporization was 
used by combining with supersonic jet expansion [6] for cooling and ligand attachment in the 
present study where details will be described in Sec. 3.1.1. However, this laser vaporization 
produce “hot” ions with “broken” sample, as anyone can easily imagine. Matrix-assisted laser 
desorption / ionization (MALDI) [7] solved the problem of “breaking” part by using the 
matrix. MALDI made possible to introduce the sample even biomolecular without breaking 
the sample. Therefore this MALDI is called “soft” ionization method. For other soft ionization 
electron spray ionization (ESI) [8] method is a famous ionization. This ESI method could 
introduce the sample by spraying the solution from the charged needle to the vacuum chamber. 
This ESI method is now used widely in gas phase experiments and commercial mass analyzer. 
 
2.2 Mass spectrometer 
  Mass spectrometer is a method to measure the ions’ mass-to-charge ratio (m/z; m: mass, z: 
charge). The measurement is done at vacuum condition and spectrometer is consist of three 
parts, ion source (described in Sec. 2.1), mass separation part, and detection. Only mass 
separation part will be described in this section. There are several mass separation methods, 
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magnetic sector mass spectrometer [9], quadrupole mass spectrometer (QMS) [10], 
time-of-flight (TOF) mass spectrometer [11], Fourier-transform ion cyclotron resonance 
(FT-ICR) mass spectrometer [12], and so on. Each of the method has advantage and 
disadvantage (e.g. detection available range, mass resolution), therefore choosing the “right” 
mass spectrometer will be important. In ion imaging experiments, TOF mass spectrometer is 
used for the base, therefore details of TOF mass spectrometer will be described in following 
sections. 
 
2.2.1 Time-of-Flight mass spectrometer 
  As mentioned above, the ions were mass separated by TOF mass spectrometer. 
In TOF mass spectrometer, first, ions were accelerated by pulsed electric field and then they 
fly in the field-free drift region. Since that flight time depends on the mass-to-charge of ion, 
flight time between acceleration point and detector was measured. That is, following equation 




U eqV m  2v  (2.1) 
where e is quantum of electricity, q is charge of the ion, m is mass of the ion, V is voltage of 
applied electric field, U is the energy which ion get from electric field, and v is velocity of the 















As shown in eq. (2.3), TOF proportional to square of the mass of the ion. Thus, the heavier ion 







  (2.4) 









The Δt corresponds to the full width at half maximum (FWHM) of the peak at time t. 
In the real apparatus, the resolution is affected by following points. 
1) Spatial distribution of the ion packet at the acceleration region 
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2) Distribution of the velocity of the ion at the acceleration region 
3) Deviation of detecting time due to the depth of the detector 
4) Expansion of the ion packet and deviation of ion track due to undesired noise of 
electric fields 
Among them, 3) and 4) can be the problems depend on each apparatus. On the other hand, 
1) and 2) can be solved with Wiley-McLaren type acceleration electrodes and reflectron 
explained in the Sec.2.2.2 and 2.2.3. 
 
2.2.2 Wiley-McLaren type TOF mass spectrometer (space focusing) 
  In order to solve the problem 1) (Spatial distribution of the ion packet at the acceleration 
region), Wiley-McLaren type acceleration electrodes [13] was used. Parameters of d, Ed, and 
Es make adjustment of space focusing possible (see figure 2.1). As shown in this figure, there 
were three electrodes named “Repeller”, “Extractor” and “Ground”. The ion packet flies 
through three flight regions of (P0-P1), (P1-P2), and (P2-P3). In case of assuming the initial 
velocity of the ions, U0, in the packet as 0, flight time through each region, ts, td, and 
1L
t were 

































where s, d and L1 are the length of (P0-P1), (P1-P2), and (P2-P3) regions, Ed and Es are applied 
electric fields to (P0-P1) and (P1-P2), and Ut is the kinetic energy given to the ion by electric 
fields. Ut is expressed as Ut = eq(sEs + dEd). The total TOF, tWM, is sum of ts, td and 
1L
t  
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Space focusing is achieved when tWM does not change with the small difference of initial 













By solving the equation (2.11) using Ut = eq(sEs + dEd), appropriate length of the potential 
free field, L1, as; 
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  (2.13) 
 
2.2.3 Reflectron type TOF mass spectrometer (energy focusing) 
  In the prior section for the space focusing, the initial velocities of ions were ignored. 
However, in fact, ions have the distribution in their initial velocity at the acceleration region. 
Therefore, we need to solve the problem 2) by the energy focusing. It can be achieved by a 
reflectron proposed by Mamyrim et al. [14]. 
  The scheme of the mechanism of the energy focusing is illustrated in figure 2.3. The 
reflectron consisted of three important parallel electrodes, which are ground, decelerator, and 
reflector electrodes, to reflect ion beam from the source towards the detector. For the ions with 
the same m/z ratio, the more energetic ions penetrate deeper into the reflectron region, and 
spent a slightly longer time in the reflectron than the less energetic ions. Thus, by applying 
appropriate reflection electric field to the reflectron electrodes, the difference of the initial 
energy (velocity) of the ions is diminished, and they could reach the detector simultaneously. 
  In details of figure 2.3, ions from the source first accelerated at Wiley McLaren type 
acceleration electrodes (P0-P2) as same as mentioned at former Sec. 2.2.2. Then the ions fly 
through L1 length of the field-free flight region (P2-P3) with the kinetic energy UR. Then ions 
are decelerated by potential UT during passing through the dT length of the region (P3-P4). In 
addition, ions are reflected in the region (P4-P5) by the potential UK. After reflection, the ions 
re-enter to the re-acceleration region (P5-P6), and accelerated by UT. At the end of the region 
(P6), ions take back their kinetic energy of UR, and then fly through the field free flight region 
(P6-P7) with the length L2 up to the detector. 
  The total TOF, tRef, is sum of each TOF at each region. These TOF can be classified into 
four parts; acceleration region (tWM), field-free region (
2L
t ), decelerate and accelerate region 
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k R  (2.18) 
















R  (2.20) 
By solving eq. (2.19)-(2.20) using eq. (2.14)-(2.18), the following requirements arise from 


























1  (2.23) 
From equation (2.21), 
 0T 7.0 UU   (2.24) 
The other three variables, UK, dT and dK, are also solved as the functions of U0. Therefore, 
energy focusing is achieved by adjusting these parameters following the value of U0. 













UU R   (2.26) 




2.2.4 Linear-type double reflectron TOF mass spectrometer 
  In the present study, linear-type double reflectron TOF mass spectrometer was used. In this 
experiment, static lens effect at the reflectron was used to improve the velocity resolution. 
However, in order to align the ion source, reflectron, and the detector, “two” reflectron were 
used. Detail operation of two reflectron is described in Sec. 3.2.1 and figure 3.22. The role of 
reflectron in the imaging experiment is different which already mentioned above. The 
downstream reflectron (1st reflectron) was set to reflect the ions, but the voltage was not set to 
achieve energy focusing. This is because the ions’ it is better to delocalize the ions with its 
initial kinetic energy. Selecting the ions with same initial kinetic energy is ideal condition for 
the image focusing thus the reflectron voltage was set to be single stage reflectron. The 
upstream reflectron (2nd reflectron) was used to mass analyze the fragment ions, however, the 
voltage applied to the 2nd reflectron was also different from energy focusing condition. The 
electrodes were set to achieve image focusing condition, where the detail will be described in 
Sec. 5.2. 
 
2.3 Electrostatic lens effect 
  In the present study, due to the shape of the flange parts and electrostatic lens effect 
produced by electrodes and detector and other parts applied with high voltage, ion trajectory 
gets influence and it is necessary to correct. In the present study, ion trajectory simulation was 
used.  
 
2.3.1 Electrostatic lens effect around detector (shrinking effect) 
  The static lens effect around the detector is produced by the detector surface where negative 
high voltage is applied and the ground flange part as shown in figure 2.3 (b). The ion beam 
diameter will shrink compared with the original diameter by this effect. Ion trajectories around 
the detector were simulated by SIMION program [15] and it was found that the shrinking ratio 
only depends on the kinetic energy of the ion. Figure 2.3 (c) shows the relation between the 
kinetic energy and shrinking ratio. The relation between these two parameters, kinetic energy 
(Ek) and shrinking ratio (S), was S = 0.2147ln(Ek) – 0.7748 for the present study. 
-19- 
 
  This shrinking ratio was used to convert the radius distribution to velocity distribution in the 





  (2.27) 
where, S is shrinking ratio and t is TOF from dissociation till detection. By using eq. (2.27), 
recoil velocity was directly determined from experimental results. 
 
2.3.2 Electrostatic lens effect around reflectron (Image focusing) 
  At ion imaging study using double linear reflectron, ion trajectory get influence from both 
reflectron and detector as shown in figure 2.4.  
 
2.4 Particle imaging 
  In order to understand the details of the molecular reactions, simultaneous measurement of 
both velocity and angular direction of the particles are necessary. In the present study, 
microchannel plate with phosphor screen was used; however, there are several other detector 
which can detect the particle arrival position (e.g. delay line detector). 
 
2.4.1 Position sensitive detector 
  In the present study microchannel plates (MCPs) with phosphor screen was used for image 
detection. The schematic view of the detection part is shown in figure 2.5. The detector was 
consisting of two microchannel plates with angled channels rotated 180° from each other 
producing a chevron (v-like) shape. At the end of the MCPs, P47 phosphor was attached for 
emitting the light at ions arrival location. This combination is possible, because a 
microchannel plate detector has many separate channels, it can additionally provide spatial 
resolution. 
  The image was observed with following step. First, a particle or photon that enters one of 
the channels through a small orifice is guaranteed to hit the wall of the channel due to the 
channel being at an angle to the plate. The impact starts a cascade of electrons that propagates 
through the channel, amplifying the original signal by several orders of magnitude depending 
on the electric field strength and the geometry of the MCP. 
  In addition, pulse voltage was applied on the head of the MCP, in order to detect only ions 
wanted to observe. This method is called “gate detection”. 
 
2.4.2 Angular distribution (Anisotropy parameter) 






























Where  is the angle between the recoil direction of the fragment ion and E,  is the 
anisotropy parameter ranging from 1 to 2, and P2(x) is the second Legendre polynomial 
(P2(x) = (3x
2
  1)/2). Relation between anisotropy parameter () and I() is shown in figure 
2.6. When  = 2, it stands for pure parallel transition against polarization direction of the 
photolysis laser (E) and when the  = 1, it stands for pure perpendicular transition against E. 
When the  = 0, it stands that there was no anisotropy (there was an isotropic distribution). 
For the reaction which can assume axial recoil approximation, molecular rotation will be 
ignored, however for some reaction with small kinetic energy release (smaller than 8000 cm
1
), 
rotation should be considered [17]. 
For a multi-atom molecular system, the anisotropy parameter could be express as following 
equation [18], 
 )()(cos)(cos2 22  gPP  (2.29) 
where  is the angle between transition dipole moment and dissociation axis,  is the angle of 
the dissociation direction which was deflected by molecular rotation, and g() is the lifetime 
function. When assuming the axial recoil approximation, rotation angle will be  = 0, thus 
P2(cos) = 1. According to Ref. [18], the lifetime function for prompt decay gives  → 0 (i.e. 
g() → 1). By combing with quantum chemical calculations, angle  will be clear, therefore 
molecular rotation angle  could be estimated from the eq. (2.29). 
 
2.5 Image reconstruction 
  As shown in figure 2.7, the observed image in the general imaging experiment will be a 
projection of three dimensional distributions of ions. Therefore, obtaining the information of 
dynamics directly from the observed image will be inaccurate procedure. Thus, many image 
reconstruction methods had been developed to reconstruct the projected image to sliced image. 
From the sliced image, velocity and angular distribution could be obtained simultaneously. 
  This image reconstruction method is based on inversion method and many kinds of method 
had been developed. For example, Fourier-Hankel transform, Back-projection method, Onion 
peeling method and so on. Also, Suites group recently developed a Finite Slice Analysis 
(FinA) method, which is also available to adapt to the sliced imaging experiment. However, in 
the present study, pBASEX method [19] which is based on BASEX method [20] was used. 
· pBASEX method 
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  In a general photofragmentation process, the angular distributions of the photoelectrons and 
fragment ions with respect to the polarization direction of the light (E) can be expressed as an 
expansion in Legendre polynomials. If we then use a discrete number of Gaussian functions 
with a given width s to model the energy distribution of the particles, we can obtain their 




( , ) ( , )
k k l l
kl kl
k l
F R c f R 
 
 
    (2.30) 
with 
 
2( , ) exp{ ( ) / } (cos )
kl k l
f R R R P      (2.31) 
where  is measured with respect to the polarization direction (linearly polarized) of the light, 
Pl is the Legendre polynomial of order l and Rn represents the center of the nth Gaussian. 
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  (2.34) 
Then the detector image could be expressed as a linear expansion of the above basis functions, 
 l( , ) g ( , )k kl
k l
P R c R      (2.35) 
The coefficients ckl can be extracted from the above relation and substituted into eq. (2.30) to 
reconstruct the original distribution (sliced image information).  
In pBASEX method, eq. (2.32) can now expressed in matrix form 
 P = GC (2.36) 
where the elements of the matrix G are obtained by numerical integration of eq. (2.34). 
By applying singular value decomposition (SVD), 
 XG = E (2.37) 
matrix X could be observed. (E is identity matrix.) 
by multiply matrix X to eq. (2.36) from left side, 
 XP = XGC = C (2.38) 
As matrix X in nothing to do with P(R,), once the matrix X is obtained, matrix C could 
easily observed from eq. (2.38). By calculating the coefficients ckl with the process above, 
observed projection image could be reconstructed to sliced image in short time. 
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  In the reconstruction process, the noise will be accumulated. In BASEX method, a noise 
accumulation toward the center line of the image parallel to the electric vector of the light will 
occur. On the other hand, pBASEX method accumulates noise only towards the center of the 
image, where there will be no signal at the center for usual experiments.  
 
2.6 Quantum chemical calculations 
  In order to understand the reaction pathway at each reaction, quantum chemical calculations 
were applied. Geometrical optimization at their electronic ground state and excitation energies 
estimation at optimized structure were performed with Gaussian 09 package [21]. The density 
functional theory (DFT) method was generally used for ground state calculations. The 
time-dependent DFT (TD-DFT) was used for excited state calculations, However, for 
molecular dimer cations (e.g. (CO2)2
+
), DFT method was not able to be adapted because of 
inverse symmetry breaking [22]. In figure 2.8, potential energy curves (PECs) of H2
+
 are 
shown. In figure 2.8, the energy calculated in DFT underestimate at long distance compared 
with ab initio calculation. This influence generally occurs with single charge ion molecular 
with higher symmetry. To avoid this problem, state average (SA) complete active space 
self-consistent field (CASSCF) method was used. CASSCF is also known as better calculation 
method to estimate the excitation energy. Those CASSCF calculations were performed with 
MOLPRO package [23]. In addition, initial molecular orbital information were estimated with 
Unrestricted Hartree-Fock(UHF) calculation with Gaussian 09 package. 
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Figure 2.2 Schematic view of reflectron TOF mass spectrometer with Wiley-McLaren type 
acceleration electrodes. The solid line corresponds to the trajectory of the ions. The dotted line 
from P3 to P6 corresponds to “slower” velocity ions compared with solid line ions. By using the 
reflectron, arrival timing of those two types of ions at the detector could by same with adjusting 





Figure 2.3 (a) Schematic view around detector (MCP) mounted on ICF152 flange. (b) Ion 
trajectories simulated by SIMION program, where ions with 100n eV (n = 1-20). The ions flew 
enough far from the detector and blue, green, and red line corresponds to initial radius r = 
5,10,15 mm respectively. (c) Shrinking ratio vs kinetic energy plot. As the figure shows that the 
shrinking ratio generally doesn’t depend on diameter of detector or mass of the ions, and only 





Figure 2.4 Ion trajectory simulation of ion imaging apparatus using double linear reflectron. 





Figure 2.5 Schematic view of imaging detection. In the figure, MCP detector combined with 
phosphor screen was used to emit the fluorescence which was captured with CCD camera. At 
the first step, after the ions hit the MCP, electron will be emitted from the MCP and by using the 






Figure 2.6 Schematic view of relation between I() and anisotropy parameter (). (a) Pure 
parallel transition against polarization direction of the photolysis laser (E) ( = 2). (b) Isotropic 
distribution (means no isotropy) ( = 0). (c) Pure perpendicular transition against polarization 






Figure 2.7 Schematic view image reconstructions. As the ions distribution after the dissociation 
is three dimensional, details of dynamics could not obtained from projected image (observed 
image). Therefore reconstructing the projected image to sliced image by mathematic method, 





Figure 2.8 PECs of H2
+
 at their ground state at each calculation level. All potentials are 
standardized at minimum energy at ~1.1 Å. The Gaussian 09 package was used for the 
calculation. As the figure shown that DFT method underestimate the energy at long distance. 
This effect occurs because the DFT tries to maintain the charge and the spin delocalize even the 




Chapter III. Experimental setup 
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3.1 Ion source 
  In this section, details of the ions sources used in the present studies will be shown. 
 
3.1.1 Laser vaporization 
  Laser vaporization is one of classic method to produce the ions including metal or other 
sample which have a high melting point. For this method, the solid sample will be shaped to 
be rod, disc, or foil (pasted on disc) and so on. By focusing the laser light on the target, it is 
available to vaporize the sample to the vacuum chamber. At this process, the some of the 
sample will also be ionized due to the plasma around the laser irradiating point. The 
temperature of produced ions or molecular at this moment is very high, thus cooling those 
particles is necessary to use for the experiment especially for spectroscopic experiments. In the 
present study, supersonic jet introduced by pulsed valve was used to cool down the ions and 
clustering will persuade. The cluster ion size is able to control by changing the operation [1]. 
The “standard” (typical) setup of the laser vaporization ion source is shown in figure 3.1(a). 
Due to the growth channel, collision of the cluster and the He gas will occur and the relaxation 
and clustering will persuade. This setup will be suitable for producing bigger size clusters. On 
the other hand, for producing cool small size clusters, “cutaway” setup will be suitable. As 
shown in figure 3.1 (b) there is no growth channel, thus the clustering won’t occur than 
“standard” setup. Also the “offset” setup is a variation of cutaway setup shown in figure 3.1 
(c). 
In the present study, pickup ion source (offset source) was used. This is because, in the 
experiment ions consist of metal:rare gas = 1:1 ratio was produced better with pickup source. 





Arn cluster ions. Noted that for these metal-rare gas complex ions, 
small amount of water was mixed to the Ar gas. For Mg
+
XCH3 ions (X = F, Br, I) 





(XCH3)n cluster ions. The mixing ratio of the CH3X and He gas was 
1.0-5.0% for (X = F, Br). The CH3I/He mixture gas was made by passing the He gas through 
the CH3I liquid in a stainless-steel reservoir at room temperature. At room temperature 
condition, the mixing ratio was about 12%. The purity and manufacturers are summarized in 
table 3.1. As mentioned above, the cluster ions were produced by irradiating the vaporization 
laser to the sample rod. The second harmonic of Nd:YAG laser (532 nm, TEMPEST, New 
Wave Research) was used for the vaporization and operated in 10 Hz repetition by 
synchronizing with delay generator. The laser beam was focused with convex lens (f = 350 
mm). The gases were introduced to the chamber with pulsed valve (general valve, series 9) 




3.1.2 Electron impact ionization 
  Electron impact (EI) ionization is one of the most popular methods widely used in order to 
produce molecular ions invented by A. J. Dempster [2]. By crossing the electron beam with 
the molecular beam, the ion produces by following reaction,  
   e2MeM  (3.1) 
The schematic view of EI source is shown in figure 3.2. The electron is emitted from the 
filament (W wire with ThO2/W tip,  0.125, Daiwa Techno Systems) and accelerated by the 
potential difference between the bias voltage and ground aperture. After crossing with 
molecular beam, the electron will be detected with a plate so-called faraday cup, and able to 
monitor the electron emission and its kinetic energy.  
  In the present study, molecular cluster ions were produced by using the EI source. For 
photodissociation study of CO2 cluster ions, (CO2)n
+
 cluster ions were produced by ionizing 
the CO2/He mixture gas (CO2: 30%). The cluster size sensitively changed by adjusting the 
mixing ratio. When CO2 ratio was 30%, n = 2, which was the target of the study, was the 
dominate product, and when >30% monomer was produced mainly. On the other hand by 
decreasing the CO2 ratio, the cooling of He gas persuade the clustering, and bigger size of the 
(CO2)n
+
 (n > 8) get as dominate product. 
 
3.2 Electronic devices 
  Various kinds of electric devices were used in the experiment. The used devices for ion 
imaging apparatus using angular-type reflectron are summarized in table 3.2, and for ion 
imaging apparatus using linear type reflectron are summarized in table 3.3. Also, oscilloscope 
and camera are also summarized in the tables. Also, pulse control timing is described in Sec. 
3.2.1 and detail of “handmade” pulse generators are described in Sec. 3.2.2. 
 
3.2.1 Pulse control 
  In the study using TOF mass spectrometer, several devices including laser system are pulsed 
control. Especially for ion imaging apparatus using double linear reflectron, which details will 
be described in Sec. 3.6.2, more than ten devices were synchronized. The schematic timeline 
of the pulses are shown in figure 3.3 and 3.4. 
 
3.2.2 Pulse generator using MOSFET 
  The pulse generator using MOSFET techniques were used in the experiment. The 
commercial pulse generators (cf. PVX-4150 (Direct Energy Inc.) etc.) are very accurate and 
reliable, however they are also expensive. Therefore, using the “handmade” pulse generator is 
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one of the smart solutions. In this subsection, two different types of pulse generators will be 
introduced. First is the generator using MOSFET produced by Behlke GmbH [3], and second 
is the generator using commercial N-channel MOSFET (2SK series). The circuits of each 
pulse generators are shown in figure 3.5 and 3.6. 
 
3.3 Control program of CMOS camera 
  In general, cooled CCD camera is widely used for imaging experiments. This is because; 
the cooled CCD is effective against dark current, which will appear as “noise” in the observed 
images. On the other hand, CMOS (Complementary metal-oxide-semiconductor) image sensor 
is also known as an economic image sensor, which is widely used for commercial products. In 
general, CMOS image sensor was known to have lower sensitivity and anti-noise ability 
compared with CCD image sensor. However, the quality of CMOS image sensor rapidly 
improved in these few years. Also, CMOS sensor have higher scalability and easy to control 
with multiple kinds of software.  
  In figure 3.7, schematic view of CMOS camera setup is shown. The optical lens 
(CF35HA-1, Fujinon) was mounted on CMOS camera (BU238M, Toshiba Teli) [4]. The 
camera was synchronized by TTL signal received from delay generator and was controlled by 
the computer. The camera was operated with original software which was written with 
LabVIEW program [5]. The biggest advantage of using this system is that the connection 
between camera and the computer could be achieved with USB 3.0. Therefore, we could say 
that this system have broad utility. 
  The observed images were converted to digital data form, which can be analyzed, with 
following processes. The raw image obtained by the camera by importing the emission signal 
will look like figure 3.8(a). Each spot correspond to the location where the ion hit, therefore 
determining those coordinates is necessary. By setting a suitable threshold, the image could be 
binarized as shown in figure 3.8(b). After the image binarization, by using the circumscribing 
rectangle for each ellipse, center coordinate will be approximately determined (see figure 
3.8(c)). By adding “1” to each pixel where the center existed, data needed for the analysis will 
be observed (see figure 3.8(d)). 
 
3.4 Vacuum devices 
  In gas phase experiments, in order to avoid the air resistance, reaction with other molecular 
in the air, etc. vacuum chamber was used to create high vacuum condition. In the experiment, 
differential pumped chamber was used. As shown in figure 3.9, apparatus was consists of three 
chambers, so-call “source”, “main”, and “reflectron” chamber for angular-type reflectron setup 
and “source”, “main”, and “MCP” chamber for double linear reflectron setup. The pump and 
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those pumping speed, manufacturer, final pressure, and the pressure during the experiment are 
summarized in table 3.4 and 3.5. 
 
3.5 Laser 
  For laser vaporization and photodissociation, several lasers were used. The used laser and 
the average power are summarized in table 3.6. 
 
3.6 Details of ion imaging apparatus 
  In this subsection, details of each ion imaging apparatus using angular-type reflectron and 
double linear reflectron are described. Especially for apparatus using double linear reflectron, 
the details of development processes are also described in following subsection. 
 
3.6.1 Ion imaging apparatus using angular-type reflectron mass spectrometer 
  In order to observe the images of fragment ions produced from mass-selected ions, the 
apparatus need to be consistent of ion production part, parent ions mass-selection part, and 
fragment ions mass-analysis part. To achieve these demands, apparatus combining time-of 
flight (TOF) mass spectrometer and reflectron was developed [6]. 
  A schematic view of the experimental apparatus is shown in figure 3.10 [6]. It consists of a 
laser-vaporization cluster ion source, an acceleration region of a TOF mass spectrometer, and 
angular-type reflectron (Jordan Co.), which has been modified for the present ion-imaging 
experiment. A part of the experimental setup has been reported in Ref. [7], except for that of 
imaging detection. The cluster ions (e.g. Mg
+
Arn) were produced in a pickup source with a 
combination of laser vaporization and supersonic expansion. A rotating and translating metal 
rod (~6 mm diameter), which was mounted 10 mm downstream from a pulse valve (General 
Valve, Series 9, orifice diameter 0.8 mm), was irradiated with 532 nm laser to produce the 
metal ion (e.g. Mg
+
). Being synchronized with the generation of the metal ion, rare gas (e.g. 
Ar gas) with a stagnation pressure of 4 × 10
5
Pa was expanded from the pulse valve. Cluster 
ions containing metal and rare gas were then produced by collisions between the metal ion and 
the rare gas atoms or clusters. The produced ion beam was collimated with a conical skimmer, 
and it was introduced into the Wiley-McLaren type acceleration region of the TOF mass 
spectrum, by which the ions were accelerated to a typical energy of 1.1 keV.  
  After mass separation of the parent cluster ions in the first drift region, the selected parent 
ion (e.g. Mg
+
Ar) was irradiated with 266 nm laser, which induced electronic excitation of the 
ion followed by fragment at ion. A linearly polarized laser was used for the photolysis, in 
which the polarization direction was rotated by a /2 wave plate (CVI, QWPO) and purified 
with a Glan-laser polarizer prism (Sigma, GLP).The resultant fragment ions were 
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mass-analyzed in the reflection region and the second field-free region of the reflectron, and 
then detected by a MCP detector of 25-mm diameter with a phosphor screen (Photonis, 
3025FM, 60:1, P47). The lengths of the field-free drift regions of the mass spectrometer are 
1308 mm for the first drift region and 658 mm for the second drift region. In order to detect 
only the desired ions, a pulsed voltage was applied to the head of the MCP synchronized with 
a timing at which the ion arrived which are so-called “gate detection”. An image of photon 
signals, which were converted from the detected ion signals in this detector, was captured by a 
CCD camera placed 300 mm downstream from the detector. Because of the limited space of 
the detection region around the angular reflectron, the photon signals were once reflected 
perpendicularly to an original beam direction by an optical mirror, as shown in figure 3.10. 
Photon signals were then accumulated and the obtained projection image was converted with 
an inverse Abel transformation to a sliced image of the three-dimensional velocity distribution 
of the fragment ions using the pBASEX program [8]. 
  The radius distribution, which was obtained from the sliced image mentioned above, was 




v , (3.2) 
 where v is the velocity of the fragment ion, r is the radius at the detector, t is the TOF from 
dissociation till detection, and S is the shrinking ratio (see Sec. 2.3.1 for details). By using 
those variables, the velocity of the fragment ions were directly determined. 
 
3.6.2 Ion imaging apparatus using linear-type double reflectron mass spectrometer 
  The ion imaging apparatus explained in Sec. 3.6.1 was the first experiment observing the 
images of the fragment produced from mass-selected ions. However, the velocity resolution of 
that was not so high, compare with other ion imaging experiments. One of the reasons was that 
the apparatus was a simple combination of reflectron TOF mass spectrometer and image 
detector, and was NOT designed for the ion imaging experiment. As shown in figure 3.11, 
meshes were attached to the electrodes of the reflectron (see figure 3.11 (c) and (d)) in order to 
achieve energy focus with parallel electric field. However, due to this parallel electric field, 
the fragment ions won’t focus at the detector (see figure 3.11 (e)) thus the ion beam diameter 
critically influence to the velocity resolution. 
 
3.6.2.1 Ion trajectory simulations 
  The first step of development of apparatus started from ion trajectory simulations. The 
objective of the apparatus was to achieve the image focusing at the reflectron ion lens effect. 
Also from the simulations, time scale of the pulse timing was needed to be clear. The SIMION 
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program (version 7.0 and 8.1, Scientific Instrument Services, Inc.) was used for the 
simulation. 
 
3.6.2.2 Prototypes (Development process, Mod 0-4) 
  The apparatus was developed via several prototypes. In this subsection, those prototypes 
will be listed and each modification will be described. 
1) Mod 0 
This variation was the first setup based on simulation. The simulated ion trajectories are 
shown in figure 3.12. Each reflectron are consist of four electrodes, and controlled with pulsed 
high voltage. By not attaching any meshes on the electrodes, it is available to use lens effect at 
both reflectron. The image focusing was able to achieve at the 2nd reflectron. Also, from the 
previous experiment [6], ion beam was known to expand therefore 1st reflectron was expected 
to focus the ion beam and mitigate the influence trigged by the beam expansion. This is 
because the ion beam expansion will weaken the image focusing effect. 
The schematic view of the apparatus is shown in figure 3.13. From the TOF estimation mass 
gate was not equipped, because the two reflectrons were pulsed controlled and was thought to 
be able to cut off the ions by the 2nd reflectron instead of using mass gate. Therefore, mass 
selection by the mass gate before the reflection was seems to be unnecessary. As shown in 
figure 3.14 (a), metal meshes were not attached on any of the electrodes of the reflectron and 
disc shape aperture was used. Also, Velonex (High power pulse generator) was used for the 
pulse generator of the 1st reflectron at that time. As shown in figure 3.15, TOF mass spectrum 
of the cluster ions Mg
+
Arn were observed, however the double linear reflectron didn’t work as 
expected. Especially the signal caused by other ions appeared as a “noise” in the spectrum (see 
figure 3.15 (b)). Noted that the PIN photodiode was partially used to observe TOF mass 
spectrum, which was observed by measuring the fluorescence from the detector. 
2) Mod 1 
  In order to improve the problems occurred in Mod 0 setup, ion deflector and mass gate were 
added at upstream location from the aperture (see figure 3.16). Due to the short distance 
between acceleration region and the mass gate, thus it was difficult to cut off all the ions 
perfectly. But the mass gate gave good evidence that the only ions which needed are mainly 
passing the aperture. 
  After those modifications, TOF mass spectra of photofragments were able to observe (see 
figure 3.17). However, the ion intensity was not enough for the ion imaging experiment and 
also the spilt of the peaks was not clear which was clearly seen in previous experiments using 
angular-type reflectron [6]. One of the problems was that the pulse generator used in the 1st 
reflectron was inaccurate. Also from the experiment, the ions seem to penetrating the last 
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electrode of 1st reflectron. 
3) Mod 2 
  At this version, pulse generator and reflectron setup were reconsidered. Due to the pulse 
generator (Velonex) system, the output voltage was necessary to be monitored. However, for 
high voltage (e.g. < 1.0 kV) monitoring the exact amount will be difficult. Therefore, Velonex 
was replaced by pulse generator (PVX-4150, DEI Inc.) which is much more flexible and 
reliable. Metal mesh was added to the last electrode of the 1st reflectron, so that the ions won’t 
penetrate the reflectron (see figure 3.14 (b)). 
  After this modification, both image and TOF mass spectra of the photofragment ions were 
observed as shown in figure 3.18. These are the first case observing the image using the 
double linear reflectron setup, however the response of the image when adjusting the 2nd 
reflectron was opposite with the simulation. Therefore there is a possibility that the fragment 
ions once crossed before the detection. 
  In addition, there were still other agenda to be solved. The velocity resolution which was 
expected to improve by image focusing didn’t work with mod 2 setup. The main reason was 
thought to be the ion beam is expanding to vertical direction against the ion beam direction, 
which will reduce the image focusing effect. 
4) Mod 3 
In order to improve the velocity resolution, ion lens (a.k.a. Einzel lens) was added to 
between deflector and mass gate (see figure 3.19). This ion lens was added to change the 
expanding ion beam to “parallel” ion beam, which is ideal for the image focusing. This is 
because even 0.1 expansion could easily weaken the image focusing. 
 5) Mod 4 
  In order to check the function of the reflectron, especially about the effect of meshes were 
unclear, meshes were attached to all of the electrodes (see figure 3.14 (c)). For this mod 4 
setup, the electric lens effect was eliminated, thus the TOF of the ion was near with the 
estimated one. Of course the image focusing was unable to achieve, the meshes on the 2nd 
reflectron were removed at the next version. 
 
3.6.2.3 Latest version (Mod 5) 
  In this subsection, latest version of the ion imaging apparatus using double linear reflectron 
will be described. Schematic view of the apparatus is shown in figure 3.19 and detail view of 
the apparatus is shown in figure 3.20. 
The apparatus consists of three differentially pumped chambers made of stainless steel. 
Cluster ions were generated in the first vacuum chamber (source chamber), and the second one 
contains acceleration electrodes of a TOF mass spectrometer and electrodes of the double 
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linear reflectron mass spectrometers enclosed in a cell. The MCP detector with a phosphor 
screen for PSD was placed at the end of the last chamber. A cluster ion source, which was 
mounted in the first vacuum chamber, is already described in Sec. 3.1.1. The cluster ions 
consisting of Ca
+
 and Ar were generated by a combination of laser vaporization and 
supersonic expansion. The second harmonic of a pulsed Nd:YAG laser was focused onto a 
rotating and translating Ca rod for laser vaporization. To generate a supersonic beam, gas 
mixture of argon and helium was expanded from a pulsed valve 10 mm upstream from the 
laser focusing point. The generated cluster ions were collimated with a skimmer (2 mm throat 
diameter) and injected into the second vacuum chamber.  
Wiley-McLaren type acceleration electrodes of the TOF mass spectrometer were placed 120 
mm downstream of the skimmer that separated the first and the second chambers. The cluster 
ions were accelerated to a typical energy of 1 keV in this region. A “pulsed mass gate” was 
mounted in order to select the parent ions after the acceleration electrodes. Nickel meshes 
(Precision Eforming MN17, 90.0% transmission) were attached on all electrodes, ion repeller, 
extractor, and ground electrodes of the acceleration region. This is different from a common 
VMI setup, in which the meshes were not attached on the extractor and ground electrodes in 
order to generate an electrostatic lens effect for VMI. On the other hand, the general 
acceleration electrodes were adopted in the present apparatus, since a parent ion was necessary 
to be accelerated for mass-separation by the TOF mass spectrometer with suppressed velocity 
components perpendicular to the acceleration direction. 
  The cell containing double linear reflectron was placed after the mass gate and possessed a 
skimmer (1 mm throat diameter) on its entrance (see figure 3.20). The distance between the 
repeller plate of the acceleration electrodes and the photodissociation point was 227 mm. Here 
the shapes and arrangement of the electrodes of the double linear reflectron was firstly 
described. The double linear reflectron was composed of two sets of electrodes, one near the 
exit of the cell denoted as the 1st reflectron (E1–E4, see figure 3.14) and the other near the 
entrance as the 2nd reflectron (E5–E8). Each reflectron consisted of four annular electrodes 
(outer diameter; 90 mm, inner diameter; 20 mm, thickness; 1 mm). The four electrodes of each 
reflectron were separated by 20 mm to each other, and the distance between the two 
reflectrons, or between the two ground electrodes, E4 and E5, was 50 mm. The Ni meshes 
were attached on all electrodes of the 1st reflectron, whereas the mesh was only attached on 
the reflector electrode (E8) in the 2nd reflectron. 
  Next, time sequence of the high voltage pulses application on the reflectrons was described 
along with motions of the parent ion and the photofragment ion is shown in figure 3.22. Pulsed 
high voltages were applied to the 1st and 2nd reflectrons with pulse generators which were 
controlled by digital delay generators. When the ion beam was injected into the cell, all 
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electrodes of the 2nd reflectron were connected to earth, and single-slope reflection electric 
fields were applied to the electrodes of the 1st reflectron (figure 3.22 (a)). The reflector 
electrode voltage of the 1st reflectron (E1) was set to be higher than that of the acceleration 
voltage so that the parent ions were reflected. Thus after the ions passed through the 2nd 
reflectron, the travel direction of the ions was inverted in the 1st reflectron. Then pulsed 
electric fields were applied to the 2nd reflectron after the parent ions passed through (figure 
3.22 (b)). On the other hand, the electrodes of the 1st reflectron were grounded after the ions 
left the 1st reflectron. Next, the parent ions reflected by the 1st reflectron were irradiated with 
the linearly polarized third harmonic of a Nd:YAG laser (355 nm, 3.49 eV) at the middle point 
between the 1st and 2nd reflectrons (figure 3.22 (c)). The polarization direction was rotated by 
a Babinet-Soleil compensator (Shimadzu) and purified with a Glan-laser polarizer prism 
(Sigma, GLP). Then, the produced fragment ions subsequently flew to the 2nd reflectron and 
were reflected. The reflector electrode voltage of the 2nd reflectron (E8) was set to reflect the 
fragment ions. Lastly, the reflected fragment ions flew to the detector passing through the 
grounded 1st reflectron (figure 3.22 (d)). In the 1st reflectron, a single stage electric field was 
used as shown in figure 3.22 (a) for the following reason. With the reflectron TOF mass 
spectrometer, the resolution of a mass spectrum can be improved by achieving an energy 
focusing condition with an adjustment of the ratio of the two stage electric fields in the 
reflection electrodes. In this condition, ions with the same mass arrive at a specific position 
with a minimal time distribution. In other words, the ions with the same mass but various 
translational energies were temporally converged on a specific position. Because velocity 
distribution of the parent ions at the dissociation point lowers the velocity resolution of the 
fragment image, it is necessary to generate a single stage electric field in the 1st reflectron to 
improve the resolution of the fragment ion image by avoiding the energy focusing condition at 
the dissociation point. There was no electrostatic lens effect in the 1st reflectron, because the 
metal meshes were attached on all the electrodes as noted already. Thus, the reflection at the 
1st reflectron did not significantly affect the vertical velocity components of the ion beam. On 
the other hand, with an electrostatic lens effect generated in the 2nd reflectron, image focusing 
was achieved to some extent. 
  Dual MCP (25 mm diameter) with a phosphor screen (3025FM, 60:1, P47, Photonis) was 
mounted at the end of the third vacuum chamber. The detector surface and the 
photodissociation point were separated by 808 mm. High voltage pulse was applied to the 
head of the MCP in order to detect the image only of the specific fragment ions. A TOF 
spectrum was also obtained by time-resolved optical detection with a photomultiplier tube 
(Side-on type, PMT, R4220, Hamamatsu) placed outside of the vacuum chamber as shown in 
figure 3.21. Detail of usage of PMT is described in Sec. 3.7. This measurement was possible 
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because of the short fluorescence lifetime of the phosphor, 100 ns, of the detector. An image of 
the photon signals from the phosphor screen was finally captured by a CCD camera, which 
was controlled with a PC. The detected image data transferred to the PC were converted to 
position by pixel centroiding with an image control and processing software. 
 
3.7 Appendix A – TOF measurement using PMT 
  TOF mass spectra were able to observe by using the MCP detector, however, the S/N ratio 
was one of the problems for weak ion signal, e.g., photofragment. For ion imaging setup, there 
is an alternative way of observing mass spectra. By attaching PMT (Side-on type, 185-710 nm, 
R4220, Hamamatsu) to gather the light from the imaging detector (see figure 3.21) clear and 
strong signal was available. There is a point need to aware of using PMT. The light emit from 
the phosphor screen is very strong for PMT, which is designed to detect a very weak light, 
therefore PMT easily saturate. In the experiment, applied voltage was adjusted and ND filter 
(natural-density filter) was used to reduce the light. The TOF mass spectrum observed by MCP 
and PMT is shown and compared in figure 3.23 (a). The result obtained by PMT with 
changing the condition of the experiment is summarized in figure 3.23 (b). Noted that the 
mass resolution of the observed TOF mass spectrum depends on the lifetime of the phosphor 
attached on the MCP detector. For P47 phosphor(Y2SiO5:Ce, Tb, fluorescence wavelength 
370-480 nm), 90% → 10% decay time is ~100 ns (10% → 1% decay, 2.9 s). Therefore, 
mass resolution will be limited by decay of fluorescence light. 
 
3.8 Appendix B – Safety devices  
  In order to protect the very sensitive and expensive devices such as detector and also 
evading serious accident, safety devices were attached to the apparatus. In this subsection, two 
devices “TMP protection system” and “DP safety system” will be introduced. 
  First, “TMP protection system” was attached in order to protect the chamber from 
malfunction of TMP or blackout. All of the TMP used in the experiment output an error signal 
from controller for those unusual situations. By using this signal, relay, and electric valve, it is 
available to close the valve between TMP and RP and avoid the machine oil flow to the TMP 
and chamber. Schematic view of the system and the circuits used for two different TMP 
(HiPace 300 (Pfeiffer vacuum) and V-301 (Agilent Technologies)) are shown in figure 3.24. 
  Second, “DP safety system” was attached to the main switch of DP in order not to turn on 
the DP without the cooling water. This mechanism could be achieved by inserting the 
mechanical power relay (AP521006F, Panasonic) before the main switch and synchronize with 
the water flow rate meter (NDV, Aichi tokei denki co., ltd.). Schematic view of the system and 
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Table 3.1 Purity and manufacturers of samples used in the study. 
Reagent Purity Manufacturer 
Mg rod (6) 99.9+% The Nilaco Corporation 
Ca rod ( 6) 99.5% Rare Metallic Co.,Ltd. 
Purified water 99.9+% Daiwa Yakuhin 
CH3F gas 99% Lancaster 
CH3Br gas 99% Tokyo Chemical Industry Co. Ltd. 
CH3I liquid 99.5% Wako Pure Chemical Industries Ltd. 
CO2 gas 99.9995+% Japan Fine Products 
He gas 99.99995+% Japan Fine Products 





Table 3.2 Electric devices used in ion imaging apparatus using angular-type relfectron 
DC power supply 
AREF power supply Acc.
*
, Mass gate, Reflectron Jordan Co. 
High voltage power supply MCP (TOF)
**
, Phosphor PF1054, Photonis 





DC power supply Deflector (upstream) PAB 250-0.25A, Kikusui 
DC power supply Deflector (downstream) PAB 350-0.1A, Kikusui 
   
Delay generator 
Controlling Vaporization laser, Acc., Mass gate DG645, SRS 
Controlling Dissociation laser, Image detection DG535, SRS 
   
Pulse generator   
For Acc., MCP (IMG) PVX-4150, Direct Energy, Inc., 
For Mass gate GRX, Direct Energy, Inc., 
   
Others   
Oscilloscope  Wave Pro 7500, LeCroy 
Camera ORCA-ER, C4742-80-12AG-HEAL, Hamamatsu 
Camera controller               C4742-80-12AG-CCU, Hamamatsu 
Image control and processing software HiPic8, Hamamatsu 
*
 Acc. stands for Acceleration 
**
MCP (TOF) stands for the power supply used for MCP head during TOF measurement 
***
MCP (IMG) stands for the power supply used for MCP head during imaging measurement 
****




Table 3.3 Electric devices used in ion imaging apparatus using double linear relfectron 
DC power supply 
AREF power supply Acc.
*
, Mass gate, Reflectron Jordan Co. 
High voltage power supply MCP (TOF)
**
, Phosphor PF1054, Photonis 





DC power supply Deflector (upstream) PAB 250-0.25A, Kikusui 
DC power supply Deflector (downstream) PAB 350-0.1A, Kikusui 
   
Delay generator 
Controlling Vaporization laser, Acc., Image detection DG645, SRS 
Controlling 1st and 2nd reflectron, Dissociation laser, Mass Gate DG645, SRS 
   
Pulse generator   
For Acc., 2nd reflectron HTS 31-06, Behlke GmbH 
For 1st reflectron, MCP (IMG) PVX-4150, Direct Energy, Inc., 
For Mass gate GRX, Direct Energy, Inc., 
   
Others   
Oscilloscope  Wave Pro 7500, LeCroy 
Camera ORCA-ER, C4742-80-12AG-HEAL, Hamamatsu 
Camera controller               C4742-80-12AG-CCU, Hamamatsu 
Image control and processing software HiPic8, Hamamatsu 
*
 Acc. stands for Acceleration 
**
MCP (TOF) stands for the power supply used for MCP head during TOF measurement 
***
MCP (IMG) stands for the power supply used for MCP head during imaging measurement 
****




Table 3.4 Summary of pumps for each chambers of ion imaging apparatus using angular-type 
reflectron. (Pumping speed is based on AC 100/200 V, 50 Hz environment) 
Source chamber 
List of pumps 
  Diffusion pump (CDP-1200J, Anelva, 1200 L/s) 
   with water-cooling baffle (956-7253, Anelva, 6 inch) 
  Mechanical booster pump (PMB-001C, ULVAC, 1500 L/s) 
  Rotary pump (D-330K, ULVAC, 336 L/s) 
Vacuum pressure 
Under operation 5.0×10 Pa 
  Ultimate vacuum 1.0×105 Pa 
 
Main chamber 
List of pumps 
  Turbo molecular pump (PT-300, Mitsubishi Heavy Industries, 300 L/s) 
  Rotary pump (RV12, Edwards, 200 L/s) 
Vacuum pressure 
Under operation 1.0×10 Pa 
  Ultimate vacuum 1.0×10 Pa 
 
Reflectron chamber 
List of pumps 
  Turbo molecular pump (PT-500, Mitsubishi Heavy Industries, 500 L/s) 
  Rotary pump (RV12, Edwards, 200 L/s) 
Vacuum pressure 
Under operation 1.0×10 Pa 





Table 3.5 Summary of pumps for each chambers of ion imaging apparatus using double linear 
reflectron. (Pumping speed is based on AC 100/200 V, 50 Hz environment) 
Source chamber 
List of pumps 
  Diffusion pump (CDP-1200J, Anelva, 1200 L/s) 
   with water-cooling baffle (956-7253, Anelva, 6 inch) 
  Mechanical booster pump (PMB-001C, ULVAC, 1500 L/s) 
  Rotary pump (D-330K, ULVAC, 336 L/s) 
Vacuum pressure 
Under operation 5.0×10 Pa 
  Ultimate vacuum 1.0×105 Pa 
 
Main chamber 
List of pumps 
  Turbo molecular pump (HiPace 300, Pfeiffer, 300 L/s) 
  Rotary pump (RV12, Edwards, 200 L/s) 
Vacuum pressure 
Under operation 1.0×10 Pa 
  Ultimate vacuum 1.0×10 Pa 
 
MCP chamber 
List of pumps 
  Turbo molecular pump (T-301, Agilent Technologies, 300 L/s) 
  Rotary pump (RV12, Edwards, 200 L/s) 
Vacuum pressure 
Under operation 1.0×10 Pa 




Table 3.6 Summary of used lasers and those type, wavelength and maximum output. 
Vaporization laser Type Wavelength (nth harmonic) Maximum power 
Tempest, New Wave Research Nd:YAG 532 nm (II) 20 mJ/pulse 
    
Dissociation laser Type Wavelength (nth harmonic) Maximum power 
GCR-150, Spectra Physics Nd:YAG 532 nm (II) 270 mJ/pulse 
〃 〃 355 nm (III) 138 mJ/pulse 






Figure 3.1 Schematic view of laser vaporization ion source. (a) “standard” setup, (b) “cutaway” 
setup, (c) “offset” setup (a.k.a. “pickup” setup) [1]. In the present study, “offset” laser 






Figure 3.2 Schematic view of electron impact ionization source. The molecular introduced by 
pulsed valve will be ionized by crossing with the electron beam. Those electrons were emitted 
from the filament and accelerated by the bias voltage. Faraday cup is set to monitor the electron 















Figure 3.5 Pulse generator (for positive high voltage pulse) circuit using MOSFET (HTS 31-06). 
As HTS series are “push type” high voltage switch, the voltage will rapidly raise, however, the 
tail of the voltage will remain for few ms. Therefore, those pulse generators were used where 
the ions will not fly after the voltages drop down. For synchronization, positive pulse TTL 





Figure 3.6 Pulse generator circuit using N-channel MOSFET (2SK series). This circuit is 
designed for short time (~2 s) negative pulse, which is useful for mass gate. Negative TTL 
signal was used for synchronization. Noted that the pulse width was ~2.7 s maximum for some 
reason, and HV pulse trailing edge was about 100-150 ns. Also, the maximum voltage (“HV IN” 










Figure 3.8 Schematic view of image analysis processes using LabVIEW program. (a) The 
observed image. (b) By setting a suitable threshold, the image could be binarized. (c) By using 
the circumscribing rectangle for each ellipse, center coordinate will be approximately 
determined. (d) By adding “1” to each pixel where the center existed, data needed for the 





Figure 3.9 Schematic view of chambers and pumps for both ion imaging apparatus using 
angular-type reflectron and double linear reflectron. “M” and “E” in the figure stand for manual 










Figure 3.11 Ion trajectory simulations of ion imaging apparatus using angular-type reflectron. 
(a) Schematic view of simulated ions. The produced fragment ions is the sum of the initial 
velocity (acceleration energy) and the recoil velocity, (b) overall view of the reflectron chamber. 
Ion trajectory from dissociation point till detection and equipotential line around the reflectron 
(right side of the figure) are drawn in the figure. (c) Enlarged view at the ion reflection region. 
The green and blue line corresponds to the ions with vertical direction recoil velocity against the 
ion beam direction. The red and black ion trajectories correspond to the ions with recoil velocity 
back and forth against ion beam direction. (d) The enlarged view at the detector. In the 
simulation, 2 mm diameter ion beam was assumed. From the brown grid, where the length of 
one side is 1 mm, shown in (d), it could be concluded that the ions are almost remaining the 








Figure 3.12 Ion trajectory simulations of ion imaging apparatus using double linear reflectron. 
Noted that these figures are the simulations done at the beginning of the development, therefore 
many changes and corrections are done in the latest version which is shown in figure 3.20 and 
3.21. (a) Schematic view of simulated ions. The produced fragment ions will have the sum of 
initial velocity and the recoil velocity as same as shown in figure 3.11. (b) Schematic view of 
ion focusing using double linear reflectron. (c) Overall view of the ion focusing simulation. The 
ions started from dissociation point and ended at the detector. The ion focusing was achieved at 
the electrostatic lens effect at the 2nd reflectron. (d) Enlarged view at the reflection point, inside 
2nd reflectron. The green and blue line corresponds to the ions with vertical direction recoil 
velocity against the ion beam direction. And the red line corresponds to the ions with recoil 
velocity back and forth against ion beam direction. (e) The enlarged view at the detector. In the 
simulation, 2 mm diameter ion beam was assumed. From the brown grid, where the length of 













Figure 3.14 Schematic view of double linear reflectron. The hole diameter (small: 5, big: 20) 
of the electrode and meshes attachment are summarized in the figure. (a-d) correspond to Mod 





Figure 3.15 TOF mass spectra observed by ion imaging apparatus using double linear reflectron 
(Mod 0). (a) TOF mass spectrum of cluster ions (Mg
+
Arn) observed by NOT using the reflectron. 
In other word, apparatus was operated as linear TOF mass spectrometer. (b) TOF mass spectrum 
of parent ions (Mg
+
Ar) by reflecting the ions twice. Some “noises” were also observed. One of 
the reason was the TOF estimation was incorrect while using Mod 0 setup, therefore the timing 





Figure 3.16 Schematic view of ion imaging apparatus using double linear reflectron. (Mod 1) 





Figure 3.17 TOF mass spectrum of fragment ion (Mg
+
). The spectrum was observed as same as 
imaging operation. However, the images of the fragment ions were not observed in the 





Figure 3.18 Ion images of Mg
+
 produced from Mg
+






Figure 3.19 Schematic view of ion imaging apparatus using double linear reflectron. (Mod 3) 





Figure 3.20 Schematic view of ion imaging apparatus using double linear reflectron. (Mod 5) 





Figure 3.21 Schematic view of ion imaging apparatus using double linear reflectron. (Mod 5) 
The scale in the figure is almost reflecting the real size of each part. The double linear reflectron 
was located inside the cell as shown in the figure. PMT was attached at atmosphere side ND 
filter (natural-density filter) was set in front of PMT in order to reduce the light from the 





Figure 3.22 Schematic view of the pulse sequence of the double linear reflectron with the 
trajectories of the parent and photofragment ions. Reprinted from Ref. [10], with the permission 





Figure 3.23 (a) TOF mass spectrum of Ca
+
Arn cluster ions. (b) Relative intensity of each cluster 
size. Ion intensity was standardized at Ca
+
Ar (n = 1) for each condition. Because, PMT have 
high sensitivity, thus the output signal could easily saturate. This is because the direct light from 
the phosphor screen is too strong for the PMT, therefore, using ND filter (natural-density filter) 
will be effective to drop down the light intensity and observe the quantitative TOF mass spectra. 





Figure 3.24 Safety devices – TMP protection system circuit. (a) For TC400 controller (Pfeiffer). 














4.1 Development of ion imaging apparatus using angular-type reflectron 
  A new ion imaging apparatus focusing to observe the ions produced from mass-selected 
ions were developed by Hoshino and their co-workers [1,2]. Details of the apparatus are 
described in Sec. 3.6. 
 
4.1.1 References (for Sec. 4.1) 
[1] H. Hoshino, Y. Yamakita, K. Okutsu, Y. Suzuki, M. Saito, K. Koyasu, K. Ohshimo, and F. 
Misaizu, Chem. Phys. Lett. 630, 111 (2015). 
[2] H. Hoshino, Master Thesis, Tohoku University (2012). 
 
4.2 Photodissociation of Mg
+
Ar in ultraviolet region 
  As mentioned above, in order to examine the developed ion imaging apparatus, simple 





Ar complex ion was first examined by Duncan et al. more than 20 years ago [2,3]. A 
number of ultraviolet photodissociation studies of singly-charged complex ions of a group-2 
element and ligands have been reported by several researchers [4], e.g., those of Mg
+
CO2 
complex by Duncan et al. [5] and Sr
+
NH3 complex by Farrar et al. [6]. Excited vibronic states 
of solvated metal complexes were assigned from the dissociation spectra, and the possibilities 
of electron transfer between metal ions and ligand molecules have been discussed in most of 
these studies. In contrast to such extensive studies by electronic spectroscopy, only few studies 





P3/2) excited atomic ion after B
2 ← X2+ photoexcitation observed by 
the photofragment imaging technique is reported in here. The binding energy of the 
ground-state complex from the recoil energy of the fragment was also estimated in the present 
study. 
 
4.2.2 Results and discussion 
  The parent complex ion was imaged under the same experimental condition. Two apertures 
with hole diameters of 2.7 and 1 mm were placed in the first drift region in the reflectron. As a 
result, a typical ion image of Mg
+
Ar has been obtained as shown in figure 4.2.1 (a). This 
image has a diameter of 5.7 mm as a FWHM, with the presence of some interference due to 
the meshes of the decelerating and reflecting electrodes in the reflectron. The outline edge of 
the image is not a perfect circle either, probably because of the hole shapes of the apertures 
and the distortion by the reflection electric fields. In particular, rectangular holes of the 
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reflection electrodes in the present TOF mass spectrometer may cause different lens effects to 
the ions between the horizontal and the perpendicular directions. 
  Next image of the Mg
+
 photofragment ion from Mg
+
Ar was abserved. As reported in Ref. 
[9], the lowest excited electronic states have a character in which the valence 3s electron of 
Mg
+
 is excited to the three 3p states [9]. The degeneracy in these three states of Mg
+
 is 
released by the coordination of an Ar atom. Figure 4.2.2 shows the potential energy curves of 
the Mg
+
Ar ground state and the three lowest excited states, as calculated by the 
TD-B3LYP/aug-cc-pVTZ level and the excitation energy and oscillator strength are 
summarized in table 4.2.1. The equilibrium distance in the ground state is 2.85 Å in this 
calculation, and the energy difference of the separated atoms between the ground and excited 
states are nearly equal to the values in Ref. [10]. The lower 
23/2 and 
21/2 states are still 




21/2 (corresponding to 3px 
and 3py), as shown in figure 4.2.2. Here the orthogonal axes are defined as shown in the figure. 
The higher 
2+ state, which corresponds to the Mg+ 23/2 (3pz) excited state, has a dissociative 
potential curve accessible by irradiation with the fourth harmonic of a Nd:YAG laser (266 nm, 
4.66 eV). Because the transition dipole moment  of the B2+ ← X2+ excitation is parallel 
to the internuclear axis, the photoexcitation probability reaches the peak for the ions being 
aligned with the linearly-polarized excitation laser.  
  The obtained images of the Mg
+
 fragment are shown in figure 4.2.1 (b) and (c), in which the 
image signals are averaged with respect to the horizontal and vertical symmetrical lines of the 
image. In figure 4.2.1 (b), the Mg
+
 ion was observed under the condition that the polarization 
direction of the photolysis laser E was perpendicular to the paper plane. By contrast, the laser 
polarization was vertical in the paper plane in figure 4.2.1 (c). In the latter image, two 
symmetrical spots were observed in parallel to the E vector. Although the image is rather 
broad in comparison with the velocity map images in the photodissociation experiments of the 
neutral molecules, a sliced image as shown in figure 4.2.1 (d) was obtained by reconstruction 
of the obtained two-dimensional image in figure 4.2.1 (c) using the pBASEX program 
  Velocity distribution of the Mg
+
 fragment ion was observed from the sliced image, as shown 
in figure 4.2.3. The distribution was fitted with a Gaussian function peaking at v = 633 m s1 
with 416 m s
1
 FWHM. The excess energy formed in the dissociation of a diatomic molecule 
is dissipated into the translational energy of the atomic fragments only. Therefore, the width of 
the distribution includes two factors: One is the width originating from the divergence and the 
velocity distribution of the parent Mg
+
Ar ion beam. The parent ion image is sized 5.7 mm 
FWHM, as mentioned above, and thus the equivalent velocity width of the parent ion due to 
this effect can be estimated from this image size. This broadening depends on the TOF of the 
ion, and the Mg
+





. The Gaussian distribution with this velocity width is shown in the red line in figure 
4.2.3. The second origin of the velocity width is the excess energy distribution due to the 
width of the Franck–Condon region of the photoexcitation. From the peak of the velocity 
distribution of the Mg
+
 fragment, the total excess energy was estimated, which is equal to the 
total translational energy of the fragments, Et, as 640 ± 80 cm
−1
 (80 ± 10 meV). The errors in 
this energy are estimated from the uncertainty of the shrinkage ratio (± 30 cm
−1
) and that of the 
peak velocity (± 50 cm
−1
). The binding energy of the Mg
+
Ar ground state, D0ʺ, can be deduced 
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 [10], is used. This binding energy of the Mg
+
Ar ground state is available from both 
experiment and theoretical sources. Experimentally, Duncan et al. determined it to be 1281 
cm−1from the vibronically resolved photodissociation spectrum [3], and Massick and 
Breckenridge also determined it from threshold ionization spectroscopy as 1237 ± 40 cm
−1
[11]. 
Theoretically, Bauschlicher and Partridge [9], LeRoy [12], Fanourgakis and Farantos [13], and 
Gaied et al. [14] reported the binding enegry D0ʺ as 1041, 1210, 1152, and 1235 cm
−1
, 
respectively. Although the presently obtained energy is slightly smaller than the previous 
experimental values, it is nearly consistent with the values reported previously. 
  Anisotropy parameter () which corresponds to angular distribution was determined from 
the sliced image as  = 1.03  0.05. As long as the transition dipole moment for B ← X state 
transition is parallel with dissociation axis (equal with bond axis),  parameter reflecting the 
structure information is 2, therefore rotation of the molecular could not be ignored. As 
reported in previous study, molecular rotation which could influence the anisotropy parameter 
will be effective when translational energy is below 8000 cm
1
 [15]. As the observed 
translational energy was ~640 cm
1
, thus in the present case, rotation of the parent ion should 
be considered under the low translational energy condition. It should also be mentioned that 
the size and divergence of the parent ion beam may affect the resolution of the image, and as a 
result, the anisotropy parameter may be lowered because of these experimental conditions. 
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Table 4.2.1 Oscillator strength and excitation energy of each electronic transition calculated at 
its equilibrium structure of the ground electronic state by the TD-B3LYP/aug-cc-pVTZ level. 
Transition Electron excitation Oscillator strength Excitation energy [eV] 
A 
2←X 2+ Mg 3px←Mg 3s 0.2484 4.3580 
A 
2←X 2+ Mg 3py←Mg 3s 0.2484 4.3580 
B 






Figure 4.2.1 Observed images of parent ion Mg
+
Ar and fragment ion Mg
+
. Image of (a) the 
parent Mg
+
Ar complex ion and (b) the Mg
+
 photofragment tion from the Mg
+
Ar ion when the 
laser polarization vector E is parallel to the beam direction Z (E // Z). (c) Raw image of the Mg
+
 
photofragment ion from the Mg
+
Ar ion when E is perpendicular to Z (E  Z) In all raw images 
(a)–(c), the ion intensities are averaged with respect to the horizontal and vertical lines. (d) 




Figure 4.2.2 PECs for the ground and excited states of the Mg
+
Ar complex calculated by the 
TD-B3LYP/aug-cc-pVTZ level. Excitation and dissociation processes are shown with gray 
arrows. The electronic states of the Mg
+
 atomic ion corresponding to the complex states are also 
shown. Et and D0ʺ denote the total translational energy of the fragments and the binding energy 





Figure 4.2.3 Velocity distribution of Mg
+
 photofragment ion. Solid black curve is a fitted 
Gaussian curve of the experimental distribution. Red dotted line is the velocity distribution 
estimated from the size of the parent ion image, which is due to the beam divergence and the 




4.3 Photodissociation of Mg
+
FCH3 in ultraviolet region 
  In the present study, the formation mechanism of MgF
+
 in ultraviolet photodissociation of 
Mg
+
FCH3 complex has been investigated by using a reflectron TOF mass spectrometer with 
imaging detection and theoretical calculations. Image of MgF
+
 fragment ions was observed 
and determined their kinetic energy release and angular distributions simultaneously. Potential 
energy curves of the ground and electronically excited states of Mg
+
FCH3 have been 
calculated by time-dependent density functional theory (TD-DFT). From these experimental 
and theoretical approaches, the formation mechanism of MgF
+
 in the photodissociation of 
Mg
+
FCH3 is discussed. Noted that the contents in this section are reported in Ref. [1]. 
 
4.3.1 Background 
  The photodissociation of Mg
+
XCH3 (X = F, Cl, Br, and I) complexes has been studied by 
using a reflectron TOF mass spectrometer [2-4]. In the photodissociation spectra of these 
cluster ions, three bands were observed in the ultraviolet region, which originate from the 
2
P 
←2S transition of Mg+. In the equilibrium structures of Mg+XCH3 in the electronic ground 
state, the XCH3 molecule is coordinated with Mg
+
 from the X atom side. In these structures, 
positive charge is almost localized on the Mg atom. It is worth noting that several fragment 
ions were observed in these ultraviolet photodissociation of Mg
+





 fragment ions were predominantly observed in the photodissociation of Mg
+
FCH3 
complex ions in all states [5,6]. The branching ratio of Mg
+
 in the photodissociation of 
Mg
+
FCH3 was found to be smaller (∼0.1) than those of MgF
+
 (∼0.5) and CH3
+





 fragment ions were produced by charge transfer and/or intracluster 
reactions via electronic excited states. The photodissociation of Mg
+
XCH3 complexes has been 
studied by observing the angular and energy distributions of the fragments [2,3]. In these 
studies, the angular and energy distributions of the photofragments were deduced from the 
TOF profiles measured by a reflectron TOF mass spectrometer by using the forward 
convolution method. 
 
4.3.2 Results and discussion 
  In the previous photodissociation spectrum of Mg
+
FCH3 ions, there are two bands peaking 
at 30 530 cm
−1
 (3.79 eV) and 38 840 cm
−1
 (4.82 eV) as shown in figure 4.3.1 [7]. The width of 
the absorption band around 4.82 eV was found to be 1600 cm
−1
 (0.20 eV) at FWHM. 
Therefore, the dissociation wavelength of 266 nm closely corresponds to the position of the 
higher absorption band in the photodissociation spectrum. The equilibrium structure of 
Mg
+
FCH3 is known to have Mg-F-C bond angle of 180 with C3v symmetry [6]. In the 
electronic ground state of Mg
+





 ion has one valence electron in the 3s orbital, therefore, it has allowed Mg 3p ← 
Mg 3s transition in the ultraviolet region. Excitation of the Mg
+
FCH3 ions with 4.66 eV 
corresponds to the 3pz ← 3s transition in which the z-axis is parallel to the Mg-F-C bond in 
the ions. 
  In the present ultraviolet photodissociation of Mg
+





) were observed in the mass spectrum of the photofragments. In the two 
species of these photofragments, MgF
+
 ions were selectively detected by applying a pulsed 
voltage (~1 s width) to the MCP, which was synchronized with the arrival timing of the ions. 
Between the ion images of the MgF
+
 photofragment ions, shown in figure 4.3.3 (a) and (b), the 
photolysis conditions of laser polarization were different: E // Z and E  Z (E, the polarization 
of the photolysis laser; Z, the ion beam direction). It is clearly shown in figure 4.3.3 (b) that 
the MgF
+
 fragment ions are distributed along the laser polarization direction. Because these 
images are projections of a three-dimensional distribution onto a two-dimensional screen, they 
were reconstructed to the three-dimensional sliced image by inverse-Abel transformation. 
Figure 4.3.3 (c) shows a sliced image of the three-dimensional distribution reconstructed from 
the projection image with E  Z (figure 4.3.3 (b)) by the pBASEX program [8]. From the 
radial distribution of MgF
+
 ions in figure 4.3.3 (c), the distribution of the recoil velocity of 
MgF
+
 ions has been evaluated by consideration of the shrinking effect. 
  The most probable values of the fragment ion velocity have been determined to be v = 822 
and 378 m s
1
 by fitting with two Gaussian functions. Slower velocity distribution at 378 m s
1
 
is probably related to the formation of vibrationally excited CH3 and/or MgF
+
 fragments. 
However, a further quantitative discussion of the velocity distribution is difficult due to the 
relatively high internal temperature of Mg
+
FCH3 ions produced in the pickup source in this 
study. The FWHM of velocity distribution of MgF
+
 was observed to be ~400 m s
-1
 which is 
rather broader than that of parent Mg
+
FCH3 (~150 m s
1
). This broad distribution corresponds 
to internal vibrational energy distributions of fragments (figure 4.3.4). 
  In the present study, the anisotropy parameter () of the MgF+ fragment ions is estimated to 
be  = 1.09 ± 0.23 from figure 4.3.3 (c). This tendency is accounted for in figure 4.3.2 (a). In 
the photoexcitation with a 4.66-eV photon, of 3pz ← 3s excitation has a direction parallel to 
the Mg-F bond axis. The parent ions after photoexcitation then has spatially aligned 
distribution in which the Mg-F bond axis becomes perpendicular to Z when E ⊥ Z. As a 
result of the F-C bond dissociation, the MgF
+
 ion recoiled perpendicularly to the Z direction. 
In the previous study of the photodissociation of Mg
+
FCH3 by a 4.66-eV photon, the angular 
and energy distributions of MgF
+
 photofragments were determined from the TOF profiles by 
simulations using a forward convolution method [7]. Consequently, Et was estimated to be 
0.47 eV and  = 0.75 ± 0.10. These values estimated from the TOF profiles do not provide 
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quantitative agreement with those obtained from the photofragment images in the present 
study. This difference is caused from the flexibility and uncertainty of the previous simulation 
of the TOF profiles by multi-parameter fitting including the instrumental function. It can be 
concluded that, from the measurements of photofragment image the anisotropy parameter and 
the kinetic energy release distribution were determined more directly and independently than 
the previous study. 
  In order to understand the observed energy distribution and anisotropy parameter of MgF
+
 
fragment ions formed by photodissociation of Mg
+
FCH3 ions, potential energy curves of 
ground and electronically excited states for Mg
+
FCH3 were calculated by 
TD-B3LYP/aug-cc-pVTZ level. Figure 4.3.5 shows the PECs of Mg
+
FCH3 along with F-C 
bond distance (RF-C). As noted above, the photodissociation spectrum of Mg
+
FCH3 ions shows 
two bands peaking at 3.79 eV and 4.82 eV [6] (see also figure 4.3.1). Calculated excitation 
energies at the equilibrium structure were 4.10 eV (1
2





with the TD-B3LYP/aug-cc-pVTZ level. These calculated excitation energies reproduced the 
experimental ones quantitatively. On the other hand, the PEC of the 1
2
A1 ground state in figure 
4.3.5 has the dissociation limit corresponding to MgF
+
 + CH3. Excitation of the Mg
+
FCH3 ions 




A1 transition. The PEC of the 2
2
A1 state 
in figure 4.3.5 was calculated to be almost repulsive with small barrier. Therefore, it can be 








 ions were formed 
with a relatively fast process due to the repulsive nature of the 2
2
A1 state. The observed 
anisotropy with the angular distribution of the MgF
+
 ions in the photolysis with a 
4.66-eVphoton ( = 1.09 ± 0.23, figure 4.3.3 (c)) is consistent with this fast formation process. 
  The classical rotational period of the Mg
+
FCH3 ion around the B and C axes was calculated 
to be 4.4 ps at 300 K [7]. Therefore, the formation process of MgF
+
 should be sufficiently 
faster than the picosecond time scale, because the alignment of Mg
+
FCH3 ions in the 2
2
A1 
excited state was maintained before photodissociation. If the photoexcitation is pure parallel 
transition with fast dissociation, a  value is expected to be 2. However, in the present study, 
the  value is found to be smaller than 2. This deviation of the  value is probably due to the 
characters of the molecular orbitals of Mg
+
FCH3 complex ion. The present quantum chemical 
calculation showed that the population of a 3s atomic orbital of an Mg atom in the SOMO of 
Mg
+
FCH3 is 80%. Other atomic orbitals contribute to 20% of the SOMO. This mixing of the 
character is also found in the upper molecular orbital. Therefore, the photoexcitation from 
SOMO to the upper molecular orbital of Mg
+
FCH3 is not pure parallel transition. In the 
ultraviolet photodissociation of Mg
+
FCH3 by a 4.66-eV photon, CH3
+
 was also observed in the 
mass spectrum of photofragments in addition to MgF
+
. However, in the present study, PEC 
with dissociation limit of MgF
+
 + CH3 was calculated. 
-87- 
 
  Because the charge of Mg atom in MgF
+





FCH3, the charge of Mg atom changes from +1 to +2. This change in 
the charge may cause excitation of the bending of Mg-F-C bond in Mg
+
FCH3. This possibility 
was pointed out by the theoretical calculation of M
+FCH3 → MF
+















2+CH3, were found as the intermediate structures of these reactions. Therefore, in 
addition to the F-C bond distance, the reaction coordinate along the formation of MgF
+
 may 
include the Mg-F-C bond angle. The calculated small barrier in the potential energy curve of 
the 2
2
A1 state along the F-C bond distance may be related to this complexity. The transition 
state with a high-energy barrier was also calculated in the formation pathway of MgF
+
 in the 
ground state [9]. With a PES of 2
2
A1 state along the Mg-F-C bond angle in addition to the F-C 
bond distance, MgF
+
 formation process could be discussed. 
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Table 4.3.1 Oscillator strength and excitation energy of each electronic transition calculated at 
its equilibrium structure of the ground electronic state by the TD-B3LYP/aug-cc-pVTZ level. 
Transition Electron excitation Oscillator strength Excitation energy [eV] Band 
1 
2
E←1 2A1 Mg 3px←Mg 3s 0.2556 4.0966 Band I 
1 
2











Figure 4.3.1 Photodissociation spectrum of Mg
+
FCH3 taken and modified from Ref. [6], along 
with the results of theoretical calculations. Solid bars are the calculation results with 
CIS/6-31G(d) level. Blue dotted line corresponds to excitation energy (266 nm, 4.66 eV, 37 587 
cm
1





Figure 4.3.2 (a) Optimized structure of Mg
+
FCH3 at B3LYP/aug-cc-pVTZ level. Bond length, 
charge distribution, transition dipole moment  for 2 2A1 ← 1 
2
A1 transition is shown in the 
figure. The dipole moment is parallel with dissociation axis which is also parallel with Mg-F-C 
bond axis. (b) Kohn-Sham orbitals (MOs) for SOMO up to SOMO+3. The main component of 





Figure 4.3.3 Ion images of the MgF
+
 photofragment ions formed by the photodissociation of 
mass-selected Mg
+
FCH3 by a 4.66-eV photon: (a and b) projection images with E // Z and E  
Z conditions, respectively, and (c) a sliced image with the E  Z condition, reconstructed by the 
pBASEX method. The directions of the E vectors are shown at the lower left sides of (a) and (b). 






Figure 4.3.4 Velocity distribution of MgF
+
 fragment ions obtained from sliced image. Red solid 
curves are Gaussian functions which are used for fitting the experimental plots (black circles). 





Figure 4.3.5 PECs of the ground 1 
2







with TD-B3LYP/aug-cc-pVTZ level: the F-C bond distance (RF-C). The energy levels of the 




4.4 Photodissociation of Mg
+
BrCH3 in ultraviolet region 
  In the present study, the formation mechanism of BrCH3
+
 in the ultraviolet 
photodissociation of the Mg
+
BrCH3 complex ion has been investigated with the apparatus of 
the reflectron TOF mass spectrometer and the position-sensitive detector. Image of the BrCH3
+
 
fragment ion produced by the photolysis of a mass-selected Mg
+
BrCH3 complex ion were 
observed. The kinetic energy release and the angular distribution were determined from the 
observed image. The geometrical structure and the potential energy curve for the electronic 
ground state of Mg
+
BrCH3 were also calculated by density functional theory (DFT). Instead of 
the previous CIS theoretical approach [1], potential energy curves for excited states have been 
calculated by time-dependent DFT (TDDFT). From the results of experiments and theoretical 
calculations, the CT and the dissociation mechanism after photoexcitation were discussed. 
Noted that the contents in this section is  
 
4.4.1 Background 
  Photodissociation of Mg
+
XCH3 (X = F, Cl, Br, I) has been studied using reflectron TOF 
mass spectrometer for more than ten years [1,3-6]. In the optimized structure of an Mg
+
XCH3 
ion, a methyl halide molecule is coordinated with the Mg
+
 ion from the halogen atom side. 
Photodissociation spectra of the complex ions exhibit three bands in the ultraviolet region, 
which originate from the 
2
P ← 2S transition of the Mg+ ion. Several fragmentation pathways 
from Mg
+
XCH3 were observed depending on the excitation bands and also on the kind of the 





BrCH3 + h 
 →Mg+ + BrCH3  (evaporation)    (4.5.1) 
 →BrCH3
+
 + Mg  (CT and evaporation)   (4.5.2) 
→MgBr+ + CH3  (dissociation)    (4.5.3) 
→MgCH3
+
 + Br  (dissociation)    (4.5.4) 
  In the theoretical calculation, the Mg
+
BrCH3 complex ion has a positive charge localized on 
Mg
+
 in the electronic ground state. Therefore, a positive charge is transferred from Mg
+
 to the 
BrCH3 molecule in the formation process of BrCH3
+
. Furuya et al. tried to discuss this 
dissociation process with quantum chemical calculations of excited states of Mg
+
BrCH3 using 
configuration interaction singles (CIS) approach [1]. However, CIS calculations tend to 
overestimate the excitation energy to the states with CT nature [7]. The potential energy curves 
of the states leading BrCH3
+
 formation were calculated to lie above 5.2 eV in the previous 
study [1], which was much higher than the experiment, 4.66 eV. Therefore it was difficult to 
discuss how the BrCH3
+
 was produced after excitation of Mg
+
BrCH3. 
  An ion imaging technique has been widely applied for studying reaction dynamics of 
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photodissociation of neutral molecules in the past few decades [8,9]. In these experiments, 
fragments produced by irradiation with a laser were ionized by REMPI. The produced 
fragment ions were detected by a two-dimensional position-sensitive detector after 
acceleration with a linear TOF mass spectrometer, in order to measure a kinetic energy release 
and an angular distribution of the fragment ions simultaneously. On the other hand, ion 
imaging apparatus were developed for the study of photofragmentation reactions from the 
mass-selected cluster ions recently [10-12]. In the present apparatus, a reflectron TOF mass 
spectrometer was combined with a position-sensitive detector in order to observe the fragment 
ion images from the mass-selected ions. 
 
4.4.2 Results and discussion 




BrCH3 ion (m/z = 118) was selected for photodissociation. 











 fragment ions were observed in the TOF mass spectrum after the 
ultraviolet photodissociation of Mg
+
BrCH3 at 4.66 eV. Branching ratio among these fragment 




 fragment ion was 
selectively detected by applying a pulsed voltage (~0.6 s width) to the MCP, which was 
synchronized with the arrival timing of the ions. 




 are shown in figure 4.4.1 (a) and (b). The photolysis 
conditions of laser polarization were (a) E // Z and (b) E  Z (E, the polarization direction of 




 fragment ions had 
split distribution along the laser polarization direction. The images (a) and (b) in this figure 
were projections of a three dimensional distribution onto a two dimensional detector, and the 
three dimensional velocity distribution was reconstructed from the obtained image by 
inverse-Abel transformation. figure 4.4.1 (c) shows a sliced image of the three dimensional 
distribution reconstructed from the projection image with E  Z (figure 4.4.1 (b)) by the 




 fragment ions (figure 4.4.2) 
was determined from the radial distribution of the image in figure 4.4.1 (c). Shrinking effect 
mentioned in the previous paper [10] was considered in the calculation of velocity distribution. 
The most probable value of the fragment ion velocity was determined to be v = 500 m s1 by 
fitting the experimentally obtained distribution with a Gaussian function.  
  Total kinetic energy release in the photolysis, Et, was obtained from the velocity distribution 
of the fragment ion. rom the most probable value of the fragment velocity, the total kinetic 






Mg (reaction (4.4.2)) with 4.66-eV 
excitation was calculated to be Et = 0.60 eV. Angular distribution was also determined in the 





BrCH3 at 4.66 eV, the angular and energy distributions were determined from the TOF 
profiles by simulations using forward convolution method [1]. Consequently, Et was estimated 
to be 0.19 eV and  = 0.74 ± 0.10 under the assumption of the parent ion temperature T = 240 
K. These values determined from the TOF profiles do not give quantitative agreement with 
those obtained from the photofragment image in the present study. This difference can be 
attributed partly to the flexibility and uncertainty of the previous simulation of TOF profiles 
by multi-parameter fitting, and also to the distortion of the former experimental TOF profile 
caused by energy-focusing condition or the reflectron mass spectrometer. The anisotropy 
parameter and the kinetic energy release distribution were determined more directly from the 
present measurements of the photofragment image, and therefore, the reliability of the present 
results is expected to be higher than that of the previous study. 
  From the present DFT calculations, the excess energy in this experiment was estimated to be 
0.79 eV from the photon energy and the dissociation limit of Mg + BrCH3
+
. However, the 
maximum velocity of BrCH3
+
 is at least 700 m s
1
 (~1.1 eV). The width of the velocity 
distribution includes two factors which were discussed in the previous report [12]. One is the 
width originating from the divergence and the velocity distribution of the parent Mg
+
BrCH3 
ion beam. The parent image has a diameter of 7.8 mm FWHM, and thus the equivalent 
velocity width of the parent ion due to this effect can be estimated from this image size. This 
broadening depends on the TOF of the ion, and the BrCH3
+
 fragment due to this effect was 
estimated to be equivalent velocity width of 110 m s
1
. The second origin of the velocity width 
is the excess energy distribution due to the width of the Franck–Condon region of the 
photoexcitation. 
  In the present calculation, the equilibrium structure of the Mg
+
BrCH3 in the ground state has 
Mg-Br-C bond angle of 106.5° with Cs symmetry. In the electronic ground state 1
2
A’, the 
positive charge is almost localized on the Mg atom. Figure 4.4.3 shows the photodissociation 
spectrum of Mg
+
BrCH3 in the excitation energy region of 24 000 – 45 000 cm
1
 (2.98 – 5.58 
eV) [6]. The vertical solid bars labeled as bands I  V in this figure correspond to the excited 
state energies calculated. Although all of the calculated excitation energies were ~3000 cm
1
 
higher than the experimental results, the overall profile of the theoretical results had a good 
agreement with the experimental spectrum. 
  In order to understand the observed energy distribution and  parameter of BrCH3
+
 fragment 
ions formed by photodissociation of Mg
+
BrCH3 ions, potential energy curves of the ground 
and excited electronic states for Mg
+
BrCH3 were calculated by TD-M06-2X/aug-cc-pVTZ 
level. Figure 4.4.4 shows the potential energy curves of Mg
+
BrCH3 along the Mg-Br bond 
distance. These calculated excitation energies and assignments are summarized in table 4.4.1. 





the equilibrium structure of the ground state. 
  As shown in table 4.4.1, transitions with large oscillator strength are 2
2
A’ ←12A’, 22A’’ 
←12A’, 52A’ ←12A’, 62A’ ←12A’, and 72A’ ←12A’, which correspond to bands I – V, 
respectively. Among these transitions, the excitation energy of the band III is the closest to the 
4.66-eV excitation. The directions of the transition dipole moments of 5
2
A’ ←12A’, 62A’ 
←12A’, and 72A’ ←12A’, which correspond to bands III – V were all nearly parallel to Mg-Br 
bond axis, as shown in figure 4.4.6. Therefore, the excited parent ion had a spatial alignment 
distribution in which the Mg-Br bond axis is most likely to be parallel to the polarization 
direction E of the photolysis laser. If the time scale of the dissociation is much faster than the 
rotational periods of the parent ion, the recoil direction of the fragment ion is almost parallel to 
E. This feature is consistent with the experimental result, where the angular distribution of the 
BrCH3
+
 fragment had nature of parallel transition. However, the excitation energies of two 
transitions 6
2
A’ ←12A’ and 72A’ ←12A’ were higher than the 4.66 eV photon excitation, and 
thus these two transitions could be excluded. Therefore, the band III, 5
2A’ ←12A’ transition, is 
the only possible excitation with 4.66 eV photon. 
  Figure 4.4.7 shows the enlarged view of potential energy curves of Mg
+
BrCH3. In figure 
4.4.7, four potential curves (4
2A’, 32A”, 72A’, and 42A”) are finally correlated with the 
fragments Mg + BrCH3
+
. The excitation of the Mg
+
BrCH3 ion with a 4.66 eV photon induces 
5
2A’←12A’ excitation corresponds to Mg 3px←Mg 3s excitation. Mg 3px corresponds to one 
of the molecular orbitals having Mg 3px nature shown in figure 4.4.5. After the excitation to 
the 5
2
A’ state, Mg+BrCH3 was dissociated to Mg + BrCH3
+
 via non-adiabatic transition to the 
4
2A’ repulsive potential. The 42A’ excited state is expected to have a CT nature from the 
ground state: The fact that the 4
2A’←12A’ transition corresponds to Mg 3s←Br 4px excitation 
indicates that the positive CT from a Mg atom to a Br atom. Also the oscillator strength of the 
4
2A’←12A’ excitation is extremely low, and therefore the direct excitation to 42A’ state from 
the ground state is hard to occur. 
  In addition to the dissociation pathway via the 4
2
A’ state, the pathway via the 72A’ state 
should also be considered. The 7
2
A’ state is calculated to be a repulsive potential curve with 
low energy barrier generated by the avoided crossing. If this energy barrier is high, the 
dissociation pathway via the 7
2
A’ state can be rejected. However, it is difficult to guarantee 
the accuracy of the quantitative estimation of the barrier height in TDDFT calculations. 
Therefore, the possibility of the dissociation pathway via the 7
2
A’ state cannot be rejected. In 
order to obtain the branching ratio of these pathways, quantum dynamical calculations on the 
potential energy surface is needed.  
  If the photoexcitation is pure parallel transition followed by fast dissociation, the  value is 
expected to be 2. However, in the present study, determined  value (1.08) was found to be 
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smaller than 2. The rotational motion of a parent ion was reported to influence the angular 
distribution of fragments when the kinetic energy release is smaller than 8000 cm
1
 [14]. Thus 
in the present case, rotation of the parent ion should be considered under the low kinetic 
energy release condition (0.60 eV, ~4840 cm
1
). It should also be mentioned that the size and 
divergence of the parent ion beam may affect the resolution of the image, and as a result, the 
anisotropy parameter may be lowered because of these experimental conditions. The problems 
are solved by developing another apparatus which is described in next chapter. 
  As shown in figure 4.4.7, the 5
2A’ state has a potential well which is connected with the 
repulsive 4
2A’ potential. Therefore, there is a possibility that the dissociation proceeds after 
trapped in this potential well. The excited ions trapped in the well are relaxed by internal 
conversion process to the high vibrational level of the lower electronic states (probably 
predominantly to the ground electronic state), followed by dissociation. In this dissociation 




 + BrCH3, is expected to be 
predominant rather than the charge transfer reaction which is discussed in this paper, 
Mg
+
BrCH3 → Mg + BrCH3
+
. Some portion of the BrCH3
+
 ions are expected to be produced 
through the repulsive 4
2
A’ potential after trapped in the 52A’ potential well. The dissociation 
time in this process after the photoexcitation is expected to be much longer than the rotational 
period of the parent complex and thus, such ions may be contributed to lower the  parameter 
from 2. 
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Table 4.4.1 Oscillator strength and excitation energy of each electronic transition calculated at 
its equilibrium structure of the ground electronic state by the TD-M06-2X/aug-cc-pVTZ level. 
Term symbols of each excited state were determined and numbered in ascending order at the 
ground-state structure of Mg
+
BrCH3. Reprinted from Ref. [2], with the permission of AIP 
Publishing. 




2A’’ ←12A’ Mg 3s←Br 4py 0.0001 2.1237 / 17129  
2
2A’ ←12A’ Mg 3px←Mg 3s 0.0835 3.4449 / 27785 Band I 
3
2A’ ←12A’ Mg 3s←Br 4pz 0.0236 3.9365 / 31750  
2
2A’’ ←12A’ Mg 3py←Mg 3s 0.1491 3.9472 / 32096 Band II 
4
2A’ ←12A’ Mg 3s←Br 4px 0.0160 4.8152 / 38837  
5
2A’ ←12A’ Mg 3px←Mg 3s 0.2410 4.9418 / 39858 Band III 
3
2A’’ ←12A’ Mg 3px←Br 4py 0.0000 4.9888 / 40237  
6
2A’ ←12A’ Mg 3pz←Mg 3s 0.1841 5.2681 / 42490 Band IV 
7
2A’ ←12A’ Mg 3py←Br 4py 0.1412 5.4282 / 43781 Band V 
4















BrCH3 at 4.66 eV. (a) and (b) showthe projection images with E // Z and 
E  Z conditions, respectively, and (c) shows a sliced image with the E  Z condition, 
reconstructed by the pBASEX program. The directions of the E vectors are shown at the upper 
left sides. These projection images were symmetrized by averaging the quadrants. Reprinted 



















Figure 4.4.3 Photodissociation spectrum of Mg
+
BrCH3 taken from Ref. [6], along with the 
results of theoretical calculations. Solid bars are the calculation results with the 
TD-M06-2X/aug-cc-pVTZ level. Blue dotted line corresponds to excitation energy (266 nm, 
4.66 eV, 37 587 cm-1) used in the present study. Band assignments are shown in table 4.4.1. 





Figure 4.4.4 Potential energy curves of Mg
+
BrCH3 for the electronic ground state (1
2
A) and ten 
excited states along the Mg–Br distance, RMg–Br, calculated by the TD-M06-2X/aug-cc-pVTZ 
level. Black curves correspond to A symmetry and gray curves correspond to Aʺ symmetry. 





Figure 4.4.5 Kohn-Sham orbitals (MOs) and energy level diagram of Mg
+
BrCH3 in the 
electronic ground state. Each MO was assigned by the main component of coefficients of 
atomic orbitals. Two MOs were both assigned to Mg 3px orbital and identified as Mg 3px and 
3px. MOs were calculated by the M06-2X/aug-cc-pVTZ level. Yellow, red, gray, and white 
spheres correspond to Mg, Br, C, and H atoms, respectively. Reprinted from Ref. [2], with the 





Figure 4.4.6 Optimized structure of Mg
+
BrCH3 by M06-2X/aug-cc-pVTZ and schematic 
diagram of the relationship among vectors of ion velocity v, electric field of the photolysis laser 
E, and the ion beam direction Z for Mg
+
BrCH3 at 4.66 eV excitation with BrCH3
+
 formation 
under conditions of E  Z. Transition dipole moment vectors which correspond to 52A ← 
1
2
A transition (red), 62A ← 12A transition (blue), and 72A ← 12A transition (green) are 
also shown. The calculation level of transition dipole moments were TD-M06-2X/aug-cc-pVTZ, 
and the length of each dipole moment corresponds to the oscillator strength of each transition. 





Figure 4.4.7 The enlarged view of the potential energy curves of Mg
+
BrCH3 shown in figure 
4.4.6. The blue and black arrows correspond to the excitation and dissociation pathways, 




4.5 Photodissociation of Mg
+
ICH3 in ultraviolet region 
  In the present study, the formation mechanism of MgI
+
 in the 4.66-eV photodissociation of 
the Mg
+
ICH3 has been investigated with the apparatus of the reflectron TOF mass 
spectrometer and the position-sensitive detector. Image of the MgI
+
 fragment ion produced by 
the photolysis of a mass-selected Mg
+
ICH3 complex ion was observed in the present study. 
The kinetic energy release and the angular distribution were determined from the observed 
image. The geometrical structure and the potential energy curve for the electronic ground state 
of Mg
+
ICH3 were calculated by density functional theory (DFT). Instead of the previous CIS 
theoretical approach [1,2], calculations were performed to reveal the character of the excited 
states and its details of those transitions by time-dependent DFT (TDDFT). From the results of 
experiments and calculations, the dissociation mechanism after photoexcitation was discussed. 
The anisotropy parameters for assumed excitations were also estimated from classical 
approximation and had a good agreement with the observed image. 
 
4.5.1 Background 
  The photodissociation studies of Mg
+
XCH3 (X = F, Cl, Br, I) using TOF mass spectrometer 
were performed among ten years [1-5]. It was already reported that a halogen atom of methyl 
halide was coordinated with Mg
+
 in the stable structure in the ground state of Mg
+
XCH3. 
Observed fragmentation pathways from Mg
+
XCH3 depended on the excitation energy and the 
kind of the halogen atom. In these pathways, all Mg
+
XCH3 dissociated to MgX
+
 + CH3 by 
4.66-eV photoexcitation with different dissociation characters. For X = F, the observed 
anisotropy parameter showed a characteristic of parallel transition, however X = Cl did not 
showed anisotropy and X = Br and I showed characteristic of perpendicular transition. The 
authors’ group already reported that the angular distribution of MgF+ fragment ion in 4.66-eV 
photodissociation of mass-selected Mg
+
FCH3 ion indicates a parallel transition character 
because the dissociation axis (Mg-F) and transition dipole moment () for 22A1 ← 1
2
A1 
excitation had a parallel correlation [6]. Theoretical calculations were also performed in the 
previous studies [5] to reveal the dissociation process. Furuya et al. used the configuration 





 + CH3 dissociation process by changing the Mg-I bond distance. 
However, this calculation was not consistent with the experimental results. Therefore it was 
difficult to discuss how MgI
+




4.5.2 Results and discussion 
  In the present study, the Mg
+














fragment ions were also observed in the TOF mass spectrum after the ultraviolet 
photodissociation of Mg
+
ICH3 at 4.66 eV. MgI
+
 fragment ion was selectively detected by 




  The observed images of MgI
+
 are shown in figures 4.5.1 (a) and (b). The photolysis 
conditions of laser polarization were (a) E // Z and (b) E  Z (E, the polarization direction of 
the photolysis laser; Z, the ion beam direction). In figure 4.5.1 (b), MgI
+
 fragment ions had 
split distribution perpendicular against the laser polarization direction. The figures 4.5.1 (a) 
and (b) were projections of a three-dimensional distribution onto a two-dimensional detector. 
The three-dimensional velocity distribution was reconstructed from the obtained image by 
inverse-Abel transformation. Figure 4.5.1 (c) shows a sliced image of the three-dimensional 
distribution reconstructed from the projection image with E  Z (figure 4.5.1 (b)) by the 
pBASEX program [16]. Recoil velocity distribution of MgI
+
 fragment ions (figure 4.5.2) was 
determined from the radial distribution of the image in figure 4.5.1 (c). Shrinking effect 
mentioned in the previous papers [5,6,8] was considered in the calculation of velocity 
distribution. The most probable value of the fragment ion velocity was determined to be v = 
451 m s
1
 by fitting the experimentally obtained distribution with two Gaussian functions. The 
fast fitted curve (most probable velocity: ~540 m s
1
) corresponds to the edge of the detector, 
where the pBASEX analyzed as an artificial peak. Therefore, this artificial peak was neglected 
in the following discussion. Total kinetic energy release in the photolysis, Et, was obtained 
from the velocity distribution of fragment ions as shown in figure 4.5.2. From the most 
probable value of the fragment velocity, the total kinetic energy release in the reaction forming 
MgI
+
 + CH3 with 4.66-eV photoexcitation was calculated to be Et = 1.77 eV.  
  Anisotropy parameter, which corresponds to angular distribution, was determined from the 
analysis of pBASEX program. In the present study, the  parameter was estimated to be  = 
0.41 from figure 4.5.1 (c). In the previous study of the photodissociation of Mg+ICH3 at 4.66 
eV, the energy and angular distributions were determined from the TOF profiles by 
simulations using forward convolution method [5]. Consequently, Et was estimated to be 1.37 
eV and  = 0.50 under the assumption of the parent ion temperature T = 100 K. The 
difference between the previous and the present studies can be attributed partly to the 
flexibility and uncertainty of the previous simulation of TOF profiles by multi-parameter 
fitting. The anisotropy parameter and the kinetic energy release distribution were determined 
more directly from the present measurements of the photofragment image, and therefore, the 
reliability of the present results is expected to be higher than that of the previous study. 
  In the present calculation, the equilibrium structure of the Mg
+
ICH3 in the ground state has 





A of Mg+ICH3, the positive charge is almost localized on the Mg atom. figure 4.5.3 (b) 
shows the photodissociation spectrum of Mg
+
ICH3 in the excitation energy region of 24 000 – 
45 000 cm
1
 (2.98 – 5.58 eV) [2]. The vertical solid bars labeled as bands I  V in figure 4.5.3 
(b) correspond to the calculated excitation energies of excited states. Although all calculated 
excitation energies were ~2000 cm
1
 higher than the experimental results, the overall profile of 
the theoretical results had a good agreement with the experimental spectrum.  
  In order to understand the observed energy distribution and  parameter of MgI+ fragment 
ions formed by photodissociation of Mg
+
ICH3 ions, energy diagram of the ground and excited 
electronic states for Mg
+
ICH3 was calculated by single point calculations with TDDFT. Figure 
4.5.4 shows the energy diagram of Mg
+
ICH3 along the I-C bond distance. These calculated 
excitation energies and assignments are summarized in table 4.5.1. Figure 4.5.5 shows the 
Kohn-Sham orbitals (MOs) and energy level diagram of Mg
+
ICH3 at the equilibrium structure 
of the ground state. 





A←12A, 52A←12A, 62A←12A, and 72A←12A, which correspond to bands I – V, 
respectively. Among these transitions, the excitation energy of band IV was the closest to the 
4.66-eV excitation. The excitation energy for band V was higher than the 4.66-eV photon 
energy; however this band was also could be a candidate. The directions of the transition 
dipole moments of bands IV and V were all nearly parallel to the Mg-I bond axis, as shown in 
figure 4.5.3 (a). However, the angles between those dipole moments and the dissociation axis 
(figure 4.5.3 (a)), which connect the center-of-masses of two fragments (MgI
+
 and CH3), were 
calculated to be around 65°. Therefore, when the time scale of the dissociation was much 
faster than the rotational periods of the parent ion, the recoil direction of the fragment ion can 
be assumed to have perpendicular tendency against E. This feature is consistent with the 
experimental result, where the angular distribution of the MgI
+
 fragment had nature of 
perpendicular transition. 
  The formation of MgI
+
 could be described from the energy diagram (figure 4.5.4). In the 
excitation to 6
2
A and 72A states, which could be reached by 4.66-eV excitation, potentials 
were correlated to a dissociation limit of MgI + CH3
+
. However, after the excitation to 6
2
A 
state, avoided crossing with 9
2
A state was found at very near (RI-C ~2.3 Å) from the 
equilibrium structure (RI-C = 2.16 Å). As shown in figure 4.5.4, the 9
2
A state has a character 
of repulsive potential and finally reaches to the dissociation limit of MgI
+
 + CH3, where MgI
+
 
was the observed fragment in the experiment. The avoided crossing was also found between 
7
2
A and 92A states at similar RI-C distance. The direct excitation to 9
2
A with 4.66-eV 
excitation could be excluded from the calculation results (Table I), which shows that the 
excitation energy (~6.0 eV) is too high from the photon energy and the oscillator strength 
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A, Mg+ICH3 dissociated to MgI
+
 + CH3 via 9
2
A repulsive potential. 
  If the photoexcitation is pure perpendicular transition followed by fast dissociation, the  
value is expected to be 1. The observed  value (0.41) suggests that the dissociation has 
perpendicular character. However, the  value was found to be deviated from 1, which stands 
for pure perpendicular transition. The observed kinetic energy release (1.77 eV) was larger 
than 8000 cm
1
, which was reported as enough energy to ignore the rotation effect against to 
the angular distribution [10]. Therefore, the molecular rotation could be ignored and able to 
assume the axial recoil approximation. In order to explain the observed  value, angle between 
transition dipole moment and dissociation axis was thought to be the key. For a multi-atom 
molecular system, the anisotropy parameter could be express as following equation [11], 
 )()(cos)(cos2 22  gPP , (4.5.1) 
where  is the angle between transition dipole moment and dissociation axis,  is the angle of 
the dissociation direction which was deflected by molecular rotation, and g() is the lifetime 
function. When assuming the axial recoil approximation, rotation angle will be  = 0, thus 
P2(cos) = 1. According to Ref. [11], the lifetime function for prompt decay gives  → 0 (i.e. 
g() → 1). For the present study, because the 92A potential was a repulsive potential, short 
lifetime was assumed. Therefore, the anisotropy parameter for bands IV ( = 67.2°) and V ( 
= 63.0°) were estimated to be  = 0.55 and 0.38, respectively. The theoretical results show 
that the excitation energy of band IV (4.96 eV) is closest to the photolysis laser (4.66 eV), 
however considering the estimated  value, there is a possibility that the observed  value ( = 
0.41) is mixture of two dissociation reactions which were first excited to bands IV and V. 
Therefore it was concluded that the main dissociation occurs after the excitation to band IV. 
  Comparing with the previous photodissociation experiment of Mg
+
FCH3 [12], it was found 
that the geometric structures in the electronic ground state gave the different angular 
distribution character. As reported in Ref. [6], by exciting the Mg
+
FCH3 in 266 nm, the 
Mg
+
FCH3 dissociated to MgF
+




A1 excitation, which mainly 
correspond to Mg 3pz ← Mg 3s electron excitation. The Mg-F-C bond angle of Mg
+
FCH3 is 




A1 excitation is 
parallel with Mg-F-C bond axis. Because the line connecting the center-of-masses of the 
fragments is parallel with Mg-F-C bond axis, the dissociation direction of MgF
+
 fragment was 
estimated to be parallel with the transition dipole moment. Therefore the observed anisotropy 
parameter for MgF
+
 fragment was  = 1.09, which means the dissociation had a parallel 
transition character. Although the photoexcitation of Mg
+
ICH3 showed a similar character Mg 
3pz ← Mg 3s (6
2
A ← 12A) excitation in the present study with the same photon energy (4.66 
eV), due to the structure difference the MgI
+
 fragment dissociated to different direction with 
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the transition dipole moment and finally appeared as character of perpendicular transition. 
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Table 4.5.1 Oscillator strength and excitation energy of each electronic transition calculated at 
its equilibrium structure of the ground electronic state by the TD-M06-2X/aug-cc-pVTZ and 
aug-cc-pVTZ-pp level. Term symbols of each excited state were determined and numbered in 
ascending order at the ground-state structure of Mg
+
ICH3. 





A ←12A Mg 3s←I 5py 0.0002 1.9303 / 15569  
2
2
A ←12A Mg 3px←Mg 3s 0.0511 3.1737 / 25598 Band I 
2
2
A ←12A Mg 3py←Mg 3s 0.1151 3.8100 / 30730 Band II 
3
2
A ←12A Mg 3s←I 5pz 0.0198 4.0361 / 32253  
3
2
A ←12A Mg 3px←I 4py 0.0000 4.4761 / 36102  
4
2
A ←12A Mg 3s←I 5px 0.0215 4.5121 / 36393  
5
2
A ←12A I 6px←Mg 3s 0.0504 4.5399 / 36617 Band III 
4
2
A ←12A Mg 3px←I 5py 0.0000 4.8671 / 39256  
6
2
A ←12A Mg 3pz←Mg 3s 0.3285 4.9604 / 40008 Band IV 
7
2
A ←12A Mg 3py←I 5py 0.2869 5.2052 / 41983 Band V 
5
2
A← 12A I 6px←I 5py 0.0002 5.4073 / 43613  
8
2
A← 12A Mg 3px←I 5pz 0.0039 5.5617 / 44858  
6
2
A ←12A Mg 3pz←I 5py 0.0063 5.8479 / 47166  
9
2






Figure 4.5.1 Ion images of the MgI
+
 fragment ions formed by the photodissociation of 
mass-selected Mg
+
ICH3 at 4.66 eV photon. (a) and (b): projection images with E // Z and E  Z 
conditions, respectively, and (c) a sliced image with the E  Z condition, reconstructed by the 
pBASEX program [16]. The directions of the E vectors are shown at the upper left sides. These 









 formed in the photodissociation of Mg
+
ICH3 at 4.66 
eV. The experimental result (black circle) was fitted with two Gaussian functions (red curves). 





Figure 4.5.3 (a) Geometrical structure of Mg
+
ICH3 ion optimized with M06-2X/aug-cc-pVTZ 
(for H, C, Mg atoms), aug-cc-pVTZ-pp (for I atom) level. Dissociation axis corresponds to the 
line connecting the center-of-masses (red dots) of two fragments, MgI and CH3. Transition 
dipole moment vectors which correspond to band IV (Blue) and band V (Green), and angles 
between dissociation axis and the dipole moments are also shown. (b) Photodissociation 
spectrum of Mg
+
ICH3 taken from Ref. [13], along with the results of theoretical calculations. 
Solid bars are the theoretical results with TD-M06-2X/aug-cc-pVTZ and aug-cc-pVTZ-pp level. 
Blue dotted line corresponds to excitation energy (266 nm, 4.66 eV, 37 587 cm
1
) used in the 





Figure 4.5.4 Energy diagram of Mg
+
ICH3 for the electronic ground state (1
2
A) and three 
selected excited states, which have involvement with formation of MgI
+
, along the I-C distance, 





Figure 4.5.5 Kohn-Sham orbitals (MOs) and energy level diagram of Mg
+
ICH3 in the electronic 
ground state. Each MO was assigned by main component of coefficients of atomic orbitals. 
MOs were calculated by M06-2X/aug-cc-pVTZ, aug-cc-pVTZ-pp level. Yellow, purple, gray, 








5.1 Development of ion imaging apparatus using double linear reflectron 
  In this chapter (Sec. 5.2), experimental results observed in the ion imaging apparatus using 
double linear reflectron are described. At the development process, photodissociation of Ca
+
Ar 
was used for the performance check. Detail of image analysis is also described in Sec. 5.2. 
 
5.2 Photodissociation study of Ca
+
Ar in ultraviolet region 
  As already noted in the previous chapter, the imaging apparatus was developed in order to 
observe the images of the fragment ions produced from mass-selected ions with higher 
velocity resolution. Therefore, results of ion trajectory simulation are shown in Sec. 5.2.1, 
experimental results, TOF mass spectra and images are shown in Sec. 5.2.2, and as this is the 
first approach of observing the dynamics of Ca
+
Ar (E ← X excitation), discussions for the 
reaction is described in Sec. 5.2.3. Noted that the contents in these section is reported in Ref. 
[1] 
 
5.2.1 Ion trajectory simulation 
  In order to focus the ions with lens effect at the reflectron, ion trajectory was simulated with 
SIMION program and the results were used for designing the apparatus. Results of simulations 
are described in this section. 
 
5.2.1.1 Image focusing 
  As already noted above, image focusing was achieved at the 2nd reflectron. Therefore, 
simulation was done with setting the 2nd reflectron and the detector at exact location, and the 
assuming the fragment ions with recoil velocity, where details will be described. The initial 
positions of the fragment ions are schematically shown in figure 5.2.1. The fragment ions were 
placed on three equally-spaced positions, (X, Z) = (0, 0), (0.5, 0), and (0.5, 0) in unit of mm 
where Z axis corresponds to the ion beam direction, and X axis is the dissociation laser 
direction and perpendicular to Z axis. The ion beam and dissociation laser intersect at (X, Z) = 
(0, 0). From these three initial positions, the fragment ions were ejected with their own initial 
velocity. The initial beam size of the fragment ions was estimated from the simulation of the 
reflection motion of the precursor ion beam in the 1st reflectron. The precursor ion beam was 
firstly collimated to a diameter of 1.0 mm with the skimmer at the entrance of the cell, and we 
assumed that it had the same divergence angle with the previously reported Mg
+
Ar ions [2]. 
As a result of simulations, the ion beam was found to have a diameter of 1.2 mm, by the 
balance between the beam divergence and the small electrostatic lens effect in the 1st 
reflectron. Therefore we assumed that the ion beam has 1 mm width. As for the width in the 
Z-direction, simulations were also performed for the starting positions Z = ±3 mm.  
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  The initial velocity of the fragment ion, vinitial, was the sum of the velocity of the center of 
mass (precursor ion velocity at the dissociation point), vcm, and the recoil velocity of the 
fragment in the center of mass frame, vrecoil, as shown in figure 5.2.1 (b). In the center of mass 
frame, the fragment ions were ejected toward eight equally-spaced angles ;  = 0/180°, 
±45/±135°, and ±90° with the recoil speed, vrecoil, which refers to the magnitude of the recoil 
velocity. Here the ejection angle  was measured clockwise from the direction of vcm, which 
was antiparallel to the Z axis. Each recoil velocity is indicated by a number of “1” to “3”, as 
shown in figure 5.2.1 (b): “1” for  = 0/180°; “2” for  = ±45/±135°; “3” for  = ±90°. The 
superscripts of the numbers denote the sign of cos; e.g. the recoil velocities of  = ±45° are 
denoted by “2+”. Then, the recoil velocity vector was added to vcm. The magnitude of vcm was 
given by mpvcm
2
/2 = qV where mp was the mass, q the charge, and V the acceleration voltage of 
the precursor ion. Finally the velocity components of vinitial along Z and X axes would be vZ = 
vcm  vrecoilcos and vX = vrecoilsin. In this simulation, the Ca
+
 fragment ion was assumed to 
be ejected from the Ca
+
Ar precursor ion which was accelerated up to the energy of 1030 eV. 
Therefore the following parameters were used in the trajectory simulation in the next section: 
the mass of the fragment ion mf = 40 u; mp = 80 u; V = 1030 V. In addition, the recoil speed 
vrecoil was assumed to be 800 m s
1
 for the trajectory simulation, which was estimated from 
KER calculated using the following values: binding energy of Ca
+
Ar in the ground state in Ref. 
[3], the photon energy of 355 nm light, and the electronic excitation energy of the Ca
+
 atomic 
ion (for details, see eq. (5.2.1)). 
  Figure 5.2.2 shows the result of simulation when the voltage of the E6, E7, and E8 
electrodes in the 2nd reflectron were 228, 456, and 600 V, respectively, in which the trajectory 
“3” converged on the detector. The present voltage condition was found by changing the 
voltages of the E6 electrode by 1 V step, whereas the voltage of E7 was kept twice as high as 
that of E6, and the voltage of E8 was fixed at 600 V. Figure 5.2.2 (a) shows the whole 
trajectories of the fragment ions and equipotential lines obtained at the best-focusing condition 
of the electrode voltages in the simulation using SIMION program. The trajectories started 
from the photodissociation points toward the 2nd reflectron and were reflected toward the 
detector. Figure 5.2.2 (c) shows an enlarged view of the trajectories around the detector. It 
should be noted that the trajectories were shrinking toward the center of the detector due to the 
electrostatic field formed between the head of the MCP at 2 kV and the surrounding flange 
parts at ground potential [1]. 
  Figure 5.2.2 (d) shows the trajectories near the surface of the detector. The residual widths 
of the trajectories along X axis were measured in order to examine the image-focusing 
capability of the reflectron with the electrostatic lens effect. The width of the trajectory “3” on 
the detector was 0.087 mm, 8.7% of the initial width (1 mm). Therefore, for the trajectory “3”, 
-122- 
 
the difference of the initial positions of the ions was compensated by the lens effect in the 2nd 
reflectron at the present voltages. For the trajectories “2+” and “2”, their average width was 
0.72 mm, and for “1+” and “1”, 1.03 mm. Thus the focusing of the trajectories “1±” and “2±” 
was not as obvious as that of the trajectory “3”. This result indicates that the focal planes of 
the three trajectories were separated to each other. We also confirmed that the focal planes of 
trajectories “1±” and “2±” were mapped on the detector under the conditions that the voltages 
of the 2nd reflectron were scaled by vZ
2
 of interest. For example, the trajectory “2” could be 
focused on the detector by raising the voltages by 1.4%. We thus obtained optimized voltages 
for the focusing of the image in the present simulation. The reflectron with the electrostatic 
lens effect has a potential to achieve focused imaging of the fragment ions with similar 
ejection angles. However, the focusing performance was found to be lower than in the VMI 
conditions. In the VMI simulation performed by Eppink and Parker [4], the smallest residual 
width at the focal plane was 2.9% of the initial width, whereas the largest residual width was 
no more than 20%. On the other hand, the center of the trajectories “2+” and “2” are separated 
by 1.62 mm in our simulation. It is suspected that this partially achieved VMI may be due to 
the difference of the initial velocities along Z axis, vZ. Especially, the fragment ions with the 
initial angles  = 0/180° (“1+” and “1”) had the largest vZ difference (3.3%). The best 
focusing condition for the apparatus was therefore regarded as the focusing of the trajectory “3” 
( = 90°) on the detector. We have also examined the simulations of fragment ions starting 
from Z = ±3 mm due to a finite dissociation laser diameter, and confirmed that the ions 
reached to different positions on the detector compared with the ions started from Z = 0. 
However the maximum difference at the detector was 0.036 mm which is smaller than the 
CCD camera resolution, 1 pixel = 0.055 mm, used in the present study. Thus there was little 
influence of the laser beam diameter on the ion focusing. 
  From several trajectory simulations for the different acceleration voltages, masses of ions, 
and recoil velocities, it was confirmed that the focusing condition obtained in the above 
simulation can be applied to other photodissociation reactions or acceleration voltages by 
scaling the voltages of the 2nd reflectron. The focusing condition for the apparatus could be 
achieved when the voltages applied to the 2nd reflectron was linearly scaled by the 
translational energy of the fragment ion, (mf/mp)qV. 
 
5.2.1.2 Calibration curve 
  The created lens effect works for image focusing, but at the same time, the trajectory also 
gets influence from the lens effect. Therefore for usual imaging experiments radius will 
converted by measuring the well-known reaction. However, as the ion imaging studies for 
photofragment ions from mass-selected ions is limited and doesn’t have a good calibration 
-123- 
 
reaction, ion imaging simulation was used to convert the radius distribution to (recoil) velocity 
distribution.  
  In general, radii of the observed images of the well-known reactions were used for the 
energy calibration of the imaging apparatus. In the photodissociation of molecular ions, 
however, it was difficult for us to find an appropriate reaction for the present apparatus. In 
particular, the energy calibration was critical because the shrinkage of the image was 
complicated due to the 2nd reflectron and the surface of the detector. Therefore in this study, 
the energy calibration was performed by the trajectory simulation. Here, the recoil velocities 
vrecoil = 0 - 1200 m s
1 
with 100 m s
1
 interval and  = 90° (trajectory “3”) were given to the 
fragment ions placed at (X, Z) = (0, 0). Figure 5.2.3 (a) shows the result of the simulation 
which satisfied the focused condition, and figure 5.2.3. (b) is the plot of vrecoil vs arrival point 
of figure 5.2.3 (a). The plots were able to be fitted with a linear function. The linear function 
could be used as a calibration curve to estimate the recoil velocity distribution from the radial 
distribution. 
 
5.2.2 Experimental results and discussion 
  Before applying photodissociation of mass selected ions, TOF mass spectra were obtained 
using the present apparatus. There were two types of measurements: Linear TOF measurement 
without reflection and TOF measurement with double reflection. The former measurement has 
an advantage of obtaining wide range of mass spectra, as shown in figure 5.2.4 (a). The TOF 
measurement with double reflection condition enabled us to obtain higher resolution mass 
spectra. An example was shown in figure 5.2.4 (b) of the supplementary material, which was a 
mass spectrum of the precursor Ca
+
Ar ion. Although the most abundant isotopes of Ar and Ca 




 in the ion beam was concluded 
to be small, from the following reasons: (1) The cluster ions were produced using the pickup 
source, in which there was no channel for metal cluster growth. (2) From the analysis of 
isotopic abundance pattern in the mass spectra, no less than 70% of the peak intensity of m/z = 
80 was attributed to Ca
+
Ar. In the study of Mg
+
Ar using the same ion source, Mgn
+
 series was 
rarely observed, and Arn
+
 series was also negligible. As for the photodissociation reaction, it 
was reported that Ar2
+
 has no absorption at this wavelength (355 nm) [5]. TOF spectra of the 
fragment Ca
+
 ion obtained under the conditions that the direction of the polarization of the 
photodissociation laser (E) was parallel to the ion beam direction (Z) (E // Z), or E 
perpendicular to Z (E  Z) were also observed, as shown in figure 5.2.5. The peaks were split 
in the condition of E // Z, which was qualitatively consistent with the nature of parallel E 
2+ 
 X 2+ transition. 
  Figure 5.2.6 (a) shows an observed projection image of the fragment Ca
+
 ion measured at 
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the condition of E  Z. The voltages of the 1st reflectron were 1200, 800, 400, and 0 V for the 
electrodes E1, E2, E3, and E4, respectively, and the voltages of the 2nd reflectron were 0, 241, 
482, and 600 V for the electrodes E5, E6, E7, and E8, respectively. The fragment ion 
distribution was split vertically parallel to the polarization direction of the photolysis laser in 
this figure. This result was also explained by the parallel transition of the present 
photoexcitation, in which the transition dipole moment vector is along the internuclear axis. 
This focused image was obtained by tuning the voltage of the electrode E6 around the 
condition obtained by the simulation. As in the simulation, the voltage of E7 was kept to be 
twice of the E6 voltage, and the voltage of E8 was fixed at 600 V. The focusing of the obtained 
image was found to be sensitively dependent upon these reflection electrodes as shown in 
figure 5.2.7. 
  Because the obtained image (figure 5.2.6 (a)) was a projection of the 3D distribution onto a 
2D screen, we transformed the image into a sliced image of the 3D distribution in order to 
obtain velocity and angular distributions of the fragment ions. Figure 5.2.6 (b) shows the 
sliced image of the fragment Ca
+
 ions from Ca
+
Ar reconstructed by pBASEX program [6]. 
Then a radial distribution of the fragment Ca
+
 ions was deduced from figure 5.2.6 (b), as 
shown in figure 5.2.8. The velocity distribution of the fragment Ca
+
 ion was estimated from 
the observed image by using the calibration curve between the recoil velocity distribution and 
the radial distribution (figure 5.2.3 (b)). The most probable recoil velocity was vrecoil = 669 m 
s
1
 and FWHM of the fitting function was vrecoil = 236 m s
1
. Thus, the velocity resolution 
was vrecoil/vrecoil = 0.354. The most probable value of TKER was calculated to be 1490 ± 530 
cm
1
 from the vrecoil value. The Ca
+
Ar binding energy in its ground state, D0ʺ, can then be 
deduced from the equation, 




S)  = 1280 ± 530 cm
1
, (5.2.1) 
where h is the excitation energy (28 195 cm1), and E(2P3/2  
2
S) is the energy difference of 








S1/2) state of the Ca
+
 atomic ion (25 414 
cm
1
) [7]. We compared the present D0ʺ value with those determined experimentally [8-10] 
and theoretically [11-14] so far (table 5.2.1). PECs calculated with CASSCF(7,12)/cc-pV5Z 
level is shown in figure 5.2.9. 
As shown in table 5.2.1, the energy obtained in this work was about 500 cm
1
 larger than 
those reported in the previous studies, although it was in agreement within the range of error. 
This discrepancy was probably due to the initial velocity of the precursor ions and the 
inaccuracy of the calibration curve. In particular, the precursor ion velocity had errors coming 
from (1) initial speed of gas jet, (2) inaccurate accelerated velocity depending on ion packet 
position in the acceleration region of the TOF mass spectrometer, and (3) fluctuations of the 
output pulse voltages of the power supplies. Also it should be noted that the error in the 
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present result was more than five times larger than the previous values, because all of the 
reported experimental values were obtained by spectroscopic measurements whereas the 
present result was estimated from the momenta of ions. This large error was attributed to (1) 
the insufficient image focusing of the present double linear reflectron, (2) the distribution of 
acceleration energy of the precursor ions, and (3) the ion beam transverse divergence [1]. 
Nevertheless, this is the first report to derive the Ca
+
Ar binding energy in its ground state 
using the E 
2+  X 2+ transition. 
We have also determined the anisotropy parameter  of the transition at 355 nm to be 1.52  
0.16 from the obtained image shown in figure 5.2.6. The  value has not been reported either 
experimentally or theoretically so far. This  value reflects the character of the parallel 
transition, although the obtained value was slightly smaller than the pure parallel transition,  
= 2. As mentioned in Ref. [15], the effect of the rotational motion cannot be neglected in the 
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Table I. The Ca
+
Ar binding energy in its ground state, D0ʺ. Reprinted from Ref. [1], with the 
permission of AIP Publishing. 
 D0ʺ / cm
1
 
This study 1280 ± 530 
Experiment 890  100a, 700  100b, 775  50c  
Theory 789 [11], 763 [12], 873 [13], 712 [14] 
a
Vibrationally resolved photodissociation spectra (C X) [8] 
b
Vibrationally resolved photodissociation spectra (D  X) [9] 
c





Figure 5.2.1 Initial positions and velocities of the fragment ions for the trajectory simulation [Ref]. (a) 
Initial positions of the fragment ions. The fragment ions were placed at three positions on the 
photodissociation laser path (Z = 0), equally separated by 0.5 mm. X = 0 is the horizontal center axis of 
the apparatus. (b) Initial velocities of the fragment ions. The initial velocity, vinitial, was the sum of the 
center of mass velocity of the precursor ion, vcm, and one of the recoil velocities of the fragment ion in the 
center of mass frame, vrecoil. The fragment ions were ejected toward to eight directions with angles of  = 





Figure 5.2.2 Trajectories of the fragment ions together with equipotential lines at the focusing 
voltage condition calculated by SIMION program. The initial conditions of the fragment ions 
were described in Sec. 5.2.1 and figure 5.2.1. The voltages of the electrodes E5, E6, E7, and E8 
were 0, 228, 456, and 600 V, respectively, for which the trajectory “3” converged on the detector. 
(a) Whole view of trajectories from the photodissociation points to the detector. (b) Enlarged 
view of the trajectories around the double linear reflectron. (c) Enlarged view of the trajectories 
around the detector. (d) Trajectories near the surface of the detector. Each trajectory was 
indicated by the number defined in figure 5.2.1 (b). Reprinted from Ref. [1], with the 





Figure 5.2.3 Trajectory simulation for the energy calibration. (a) The relationship between the 
recoil velocities and the trajectories of the fragment ions, Ca
+
, originated from (X, Z) = (0, 0) 
described in figure 5.2.1. The recoil velocities were perpendicular to the velocity of the center of 
mass. The voltages of the 2nd reflectron were the same as the focusing simulation in figure 
5.2.2. (b) Plots of the arrival points, which were measured from the center of the detector, 
against the recoil velocities of the fragment ions. The plots were fitted with a linear function. 





Figure 5.2.4 TOF mass spectra of (a) Ca
+
Arn cluster ions in the no-reflection condition and (b) 
Ca
+
Ar precursor ions in the double reflection condition. The mass resolution was m/m = 114 





Figure 5.2.5 Time-of-flight mass spectra of the photofragment ions Ca
+
 from the precursor ions 
Ca
+
Ar. (a) E // Z and (b) E ⊥ Z conditions where E and Z refer to the polarization direction of 





Figure 5.2.6 (a) Observed image of the photofragment Ca
+
 ions from the precursor ions Ca
+
Ar 
measured at perpendicular condition (E  Z). (b) The reconstructed sliced image of the 
observed image (a) using pBASEX program. The image was accumulated with about 140 000 





Figure 5.2.7 Observed images of the photofragment ions Ca
+
 from the precursor ions Ca
+
Ar 
measured at the perpendicular condition (E  Z) in the focus (241 V) and defocus (239, 240, 
242, and 243 V) conditions together with the voltage of the B6 electrodes. The voltage of B7 
was twice as high as that of B6, and the voltage of E8 electrode was 600 V. The direction of E 





Figure 5.2.8 The radial and recoil velocity distributions of the photofragment Ca
+
 ions from 
Ca
+
Ar (Circles: experimental data, Red curve: Lorentzian fitting). Reprinted from Ref. [1], with 





Figure 5.2.9 PECs of Ca
+
Ar calculated with CASSCF/cc-pV5Z level. Molpro package was used 
for the calculation. In the experiment, after the excitation with 355 nm, the Ca
+
Ar (E) dissociate 
to Ca
+
 and Ar. From the experiment, kinetic energy release (Et) was estimated, and by using the 




S)), binding energy at Ca
+






Chapter VI. Conclusion 
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  A novel apparatus has been developed for imaging detection of the angular and velocity 
distributions of mass-analyzed photofragment ions from mass-selected cluster ions. This 
apparatus has utilized a conventional angular (V-shaped) reflectron TOF mass spectrometer 
coupled with an imaging detector. By use of this apparatus, we have observed the fragment ion 
image of Mg
+
 produced by B
2+ ← X2+ photoexcitation of an Mg+Ar complex ion at 4.66 
eV. As a result, the Mg+ fragment ions have a distribution parallel to the polarization direction 
of the photolysis laser. We have obtained the anisotropy parameter  of 1.03 ± 0.05 in the 
present measurement. We have also derived the binding energy of the Mg
+
Ar ground state 
from the measured translational energy of the Mg
+
 fragments and the known energies of the 
Mg+ electronic states. The binding energy thus obtained, 1180 ± 80 cm
−1
, is consistent with 
those reported in previous studies. We have demonstrated in this study that the recoil energy of 
a fragment ion below 100 meV is measurable due to the long flight time in the reflectron mass 
spectrometer. 
  In order to study the formation mechanism of the MgF
+
 fragment ions in the ultraviolet 
photodissociation of Mg
+
FCH3 complex in the gas phase, we have observed the velocities and 
the angular distributions of MgF
+
 photofragments using a reflectron TOF mass spectrometer 
coupled with an imaging detector. The fourth harmonic of a Nd:YAG laser (4.66 eV) has been 
used for excitation of Mg
+
FCH3 from the 2
2
A1 to the 1
2
A1state, which has a main character 




P ← 2S transition. The anisotropy parameter has been estimated to 
be  = 1.09 ± 0.23 from the analysis of the pBASEX program. Kinetic energy release was also 
determined to be Et = 0.59 eV from the velocity distribution by consideration of the shrinking 
effect at the ion-detector. The anisotropy parameter and the kinetic energy release distribution 
have also been determined from the more direct measurement of fragment-ion image than 
from the previous TOF profile measurement. In the PECs of ground and excited states of 
Mg
+
FCH3 along F-C bond length, the 2
2
A1 state is calculated to be repulsive. It is concluded 
that MgF
+




A1 photoexcitation of Mg
+
FCH3 with relatively 
fast process. 
  In the present study, an Mg
+
BrCH3 complex ion was dissociated in the ultraviolet region 
(266 nm, 4.66 eV), and a product ion, BrCH3
+
, was detected with a position-sensitive detector. 
The image of the BrCH3
+
 fragment ion was observed to have a split distribution parallel to the 
polarization direction of the photolysis laser. The observed image was reconstructed by the 
pBASEX program. Velocity and angular distributions were analyzed from the reconstructed 
sliced image: Total kinetic energy release was determined to be Et = 0.60 eV, and anisotropy 
parameter was determined to be  = 1.08. Unlike the previous analysis using the TOF profile, 
the anisotropy parameter was directly determined from the observed image of fragment ions. 
PECs for the electronic ground and excited states were calculated by using the density 
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functional theory. It was found that the 4.66-eV excitation corresponds to 5
2A’ ←12A’ 
transition. From the PECs, the dissociation occurred via non-adiabatic process after the 
excitation. After the 5
2
A’ ←12A’ excitation, the Mg+BrCH3 ion was dissociated to Mg + 
BrCH3
+
 via repulsive 4
2
A’ potential. The 42A’ excited state has a CT nature in which the 
positive charge on Mg in the ground sta;te moves to the Br atom. The obtained anisotropy 
parameter is consistent with the fast process of BrCH3
+
 formation through the repulsive 
potential curve of 4
2A’. 
  In the present study, an Mg
+
ICH3 complex ion was dissociated in the ultraviolet region (266 
nm, 4.66 eV), and a product ion, MgI
+
, was detected with a position-sensitive detector. The 
image of the MgI
+
 fragment ion was observed to have a split distribution parallel to the 
polarization direction of the photolysis laser. The observed image was reconstructed by the 
pBASEX program. Velocity and angular distributions were analyzed from the reconstructed 
sliced image: Total kinetic energy release was determined to be Et = 1.77 eV, and anisotropy 
parameter was determined to be  = 0.41. Unlike the previous analysis using the TOF profile, 
the total kinetic energy release and the anisotropy parameter were directly determined from the 
observed image of fragment ions. Energy diagram for the electronic ground and excited states 
was calculated by using the density functional theory. It was found that the 4.66-eV excitation 
corresponds to 6
2
A ←12A transition. From the energy diagram, the dissociation occurred via 
avoided crossing, after the excitation. After the 6
2
A ←12A excitation, the Mg+ICH3 ion was 
dissociated to MgI
+
 + CH3 via repulsive 9
2
A potential. The obtained anisotropy parameter was 
consistent with the fast process of MgI
+
 formation through the repulsive potential curve of 
9
2
A and had a good agreement with the value which was estimated from the optimized 
structure and the calculated transition dipole moment. 
  In the present study, an ion imaging apparatus with double linear reflectron mass 
spectrometer was developed in order to perform photodissociation imaging measurement of 
mass-selected cluster ions with higher resolution. The double linear reflectron was composed 
of two sets of electrodes, the 1st and the 2nd reflectron. The mass-selection of precursor ions 
was performed in the 1st reflectron, and the focused imaging of the photofragment ion was 
achieved in the 2nd reflectron. By using ion trajectory simulation, it was confirmed that the 
focusing condition was achieved by the linear reflectron. The performance of this apparatus 
was evaluated using imaging measurement of Ca
+
 fragment ions from photodissociation 
reaction of Ca
+
Ar cluster ions at 355 nm. We have evaluated the performance of this apparatus 
using photodissociation of diatomic molecular ions. This apparatus can be applied not only to 
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